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Summary

Context and research methodology

Coastal regions and shallow shelf seas like the North Sea are increasingly sub-
ject to human activities. Cities, harbours and industry are situated near the
coastline and more offshore the seabed is used for the construction of windmill
parks and the extraction of sand. Therefore, it is important to understand the
morphological behaviour of the coastal system and to be able to predict future
changes as a result of natural influences and human interferences.

For this purpose, knowledge of sand transport processes induced by waves
and currents is of crucial importance. One of the largest knowledge gaps in sand
transport processes is the wave-induced transport over rippled beds. Ripples
typically have heights of 0.01 − 0.1 m and lengths of 0.1 − 1 m. They strongly
influence the wave boundary layer structure and turbulence intensity near the
bed and have a great influence on the sand transport.

This thesis aims at a better understanding and modelling of the interaction
processes between the wave-induced oscillatory flow, the ripples and the sand
transport. To that end, two types of new full-scale experiments have been car-
ried out in two different oscillatory flow tunnels. One was focussed on the time-
averaged sand transport processes over rippled beds in a large number of regular
and irregular oscillatory flows. The other was focussed on the time-dependent
flow and sand concentration field for three different regular oscillatory flow con-
ditions. These new measurements distinguish themselves from previous work by
the fact that they involve ’natural’, mobile ripples generated by oscillatory flows
with field-scale periods and amplitudes. The new experimental data have been
combined with existing full-scale data to make a large data set of sand transport
processes over rippled beds in oscillatory flows. With this combined data set, we
have validated and further developed various types of models to predict ripple
dimensions, suspended concentration profiles and net sand transport rates.

Ripple dimensions

On the basis of the extensive data set, we conclude that three-dimensional rip-
ples are generally smaller than two-dimensional ripples. Ripple dimensions pre-
dicted by the formula of Wiberg and Harris (1994) are in poor agreement with
this data set. Predictions with the formulas of Nielsen (1981) and Mogridge
et al. (1994) are in better agreement with the measurements, but these methods
do not take good account of the effect of flow irregularity and ripple three-
dimensionality. New equations are proposed to predict ripple dimensions as
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a function of the mobility number based on the highest velocities in a flow
time-series. These new equations are a better fit to the data from the full-
scale experiments and take better account of flow irregularity and ripple three-
dimensionality than the existing prediction methods.

Sand transport processes

The new data show that the sand transport over rippled beds in asymmetric
oscillatory flows (where the onshore orbital velocity peaks are larger than the
offshore orbital velocity peaks) is concentrated in a lower layer with a thickness
of about one ripple height. The net (wave-averaged) transport is determined
by two competing mechanisms: wave-related bedload transport in the onshore
direction and wave- and current-related suspended load transport in the offshore
direction.

Part of the total amount of mobilised sand during a half wave-cycle is trans-
ported as bedload and suspended load during the same half cycle. The other
part is transported as suspended load during the next half cycle and in the
opposite direction. The latter is the result of the formation of vortices on the
ripple flanks and their ejection near the moment of flow reversal. These vortices
carry the largest part of the sand in suspension. As a result of flow asymme-
try, more sand is mobilised during the onshore half wave-cycle than during the
offshore half wave-cycle. Therefore, the net wave-related bedload transport is
in the onshore direction and the net wave-related suspended load transport is
in the offshore direction. Besides this dominant wave-related transport, there
is a current-related suspended transport component in the offshore direction
due to a small time- and bed-averaged velocity in the offshore direction. This
near-bed residual current is generated by flow asymmetry, causing a difference
in generated turbulent energy during both half wave-cycles.

The relative importance of the two mechanisms is controlled by the newly-
defined vortex suspension parameter P , which is the ratio of the ripple height
and the median grain-size. The ripple height represents the vertical mixing
intensity of the flow and the grain-size represents the downward settling of
the sand. For large values of P (corresponding to large ripples and fine sand)
suspended transport is dominant, resulting in offshore-directed net transport,
while net transport is onshore-directed for small values of P where bedload is
the dominant transport mode.

Sand transport modelling

In the important near-bed region with a thickness of two ripple heights, the
time- and bed-averaged concentrations are best described by an exponential
profile. Reference concentrations and concentration decay lengths based on the
new and other full-scale experimental data have been compared with different
empirical formulas. Best agreement with the measured reference concentrations
is obtained with the formula of Bosman and Steetzel (1986), while the concen-
tration decay lengths are best predicted by the Nielsen (1990) formula. A new
reference concentration formula is proposed based on the formula of Bosman and
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Steetzel, extended with a grain-size influence. Furthermore, it is shown that the
concentration decay length Rc is strongly related to the ripple height η and that
the formula Rc = 1.24η shows good agreement with the data. Both new for-
mulas provide a better description of the time- and bed-averaged concentration
profile than the existing formulas.

The transport over rippled beds in oscillatory flow cannot be modelled in a
quasi-steady way, because of unsteady phase lag effects that are very important
in the case of ripple regime transport. The practical models of Nielsen (1988)
and Dibajnia and Watanabe (1996) include these unsteady effects but have been
calibrated against data from small-scale experiments and do not perform well
for the data from full-scale experiments. A new sand transport model is pro-
posed based on a modified half wave-cycle concept. The magnitudes of the four
half wave-cycle transport contributions are related to the grain-related Shields
parameter, the degree of flow asymmetry and the vortex suspension parameter
P . The new model has been calibrated using net transport data from regular
oscillatory flow experiments and has subsequently been validated using other
data, including measurements from irregular oscillatory flow experiments. The
new model performs better overall than the existing practical sand transport
models.

We conclude that it is possible to describe the general wave-related sand
transport phenomena over rippled beds in regular oscillatory flow with the one-
dimensional vertical (1DV) boundary layer model of Davies and Thorne (2005).
In the important near-bed layer of one ripple height above the ripple crest
level, the model predicts the timing and magnitude of the sand flux peaks well.
Furthermore, it shows reasonable agreement with measured net transport rates
for a large number of full-scale regular oscillatory flow experiments. However,
the model is not able to reproduce the measured time- and bed-averaged velocity
profile. This is probably related to differences in parameter ranges between the
experimental data used for model development and the new experiments used
for model assessment. Except for a lower layer with a thickness of about half
a ripple height, the predicted upward propagation of concentration peaks lags
behind the data. This is caused by the fact that the mixing above rippled beds
is a convective process that cannot be modelled adequately with the gradient
diffusion approach applied in the model. We propose three adjustments to
the 1DV model, which result in improved predictions of the sand transport
processes.
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Samenvatting

Achtergrond en onderzoeksmethodologie

De mens maakt steeds meer gebruik van kustgebieden en ondiepe randzeeën
zoals de Noordzee. Steden, havens en industrie bevinden zich nabij de kust en
meer offshore wordt de zeebodem gebruikt als locatie voor windmolenparken en
om zand te winnen. In dit licht bezien is het belangrijk het morfologische gedrag
van het kustsysteem te begrijpen en toekomstige veranderingen door natuurlijke
processen en door menselijk ingrijpen te kunnen voorspellen.

Kennis van zandtransportprocessen onder invloed van golven en stromingen
is daarvoor van wezenlijk belang. Eén van de grootste leemtes in de kennis
van zandtransportprocessen is het golfgedreven zandtransport over geribbelde
bodems. Ribbels zijn 0.01− 0.1 m hoog en 0.1− 1 m lang. Deze bodemvormen
bëınvloeden de golfgrenslaag en de turbulentie nabij de bodem sterk en hebben
zo ook een groot effect op het zandtransport.

Dit proefschrift richt zich op het beter begrijpen en modelleren van de inter-
actie tussen de golfgegenereerde oscillerende stroming, de ribbels en het zand-
transport. Om dit doel te bereiken zijn twee nieuwe proevenseries uitgevoerd
in twee verschillende golftunnels. De eerste serie proeven was gericht op de
tijdsgemiddelde zandtransportprocessen over geribbelde bodems voor een groot
aantal verschillende regelmatige en onregelmatige oscillerende stromingscondi-
ties. Tijdens de tweede serie proeven zijn de tijdsafhankelijke snelheden en
zandconcentraties boven de ribbel gemeten voor drie verschillende condities met
een regelmatige orbitaalbeweging. Deze nieuwe metingen onderscheiden zich van
eerder experimenteel onderzoek door het feit dat het ’natuurlijke’ en beweeglijke
ribbels betreft gegenereerd door oscillerende stromingen op ware grootte. De
nieuwe experimentele data zijn gecombineerd met bestaande data tot een grote
verzameling van metingen over geribbelde bodems waarbij de orbitaalbeweging
op ware grootte werd gesimuleerd. Met deze dataverzameling hebben we ver-
schillende modellen - die in staat zijn ribbelafmetingen, concentratieverticalen
en netto zandtransporten te voorspellen - gevalideerd en verbeterd.

Ribbelafmetingen

Op basis van de uitgebreide dataverzameling concluderen we dat driedimensio-
nale ribbels kleiner zijn dat tweedimensionale ribbels. Ribbelafmetingen voor-
speld met de formule van Wiberg en Harris (1994) komen niet goed overeen
met de gemeten waarden. De methoden van Nielsen (1981) en Mogridge et
al. (1994) zijn beter in staat de ribbelhoogte en ribbellengte te voorspellen,
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maar deze nemen het effect van golfonregelmatigheid en het driedimensionale
karakter van ribbels niet goed mee. Wij stellen een nieuwe formule voor die
de ribbelafmetingen voorspelt als functie van het mobiliteitsgetal gebaseerd op
de hoogste orbitaalsnelheden. Deze nieuwe formule geeft betere voorspellingen
dan de bestaande formules en neemt het effect van golfonregelmatigheid en het
driedimensionale karakter van ribbels beter mee.

Zandtransportprocessen

De nieuwe data laten zien dat het zandtransport over geribbelde bodems in
een asymmetrische oscillerende stroming (met hogere positieve, ’onshore’ or-
bitaalsnelheden en lagere negatieve, ’offshore’ orbitaalsnelheden) voor het groot-
ste gedeelte plaatsvindt in een laag boven de bodem die ongeveer een ribbel-
hoogte dik is. Het netto (golfgemiddeld) transport wordt bepaald door twee
concurrerende mechanismen: golfgerelateerd bodemtransport in de positieve
(’onshore’) richting en golf- en stromingsgerelateerd suspensief transport in de
negatieve richting.

Een gedeelte van de totale hoeveelheid zand die gedurende een halve golf-
periode in beweging wordt gebracht, wordt over de bodem en in suspensie tij-
dens dezelfde halve golfperiode getransporteerd. Het andere gedeelte wordt in
suspensie gedurende de daaropvolgende halve golfperiode en in tegengestelde
richting getransporteerd. Dit laatste proces is het gevolg van de vortices die
ontstaan aan de lijzijde van de ribbel. Deze vortices, die het grootste gedeelte
van de totale hoeveelheid zand in suspensie herbergen, worden gëınjecteerd als
de stroming van richting verandert. De hoeveelheid zand die tijdens de positieve
halve golfperiode in beweging wordt gebracht is groter dan tijdens de negatieve
halve golfperiode, omdat de oscillerende stroming asymmetrisch is. Daarom is
het netto golfgerelateerde bodemtransport positief en het netto golfgerelateerde
suspensief transport negatief. Naast dit dominante golfgerelateerde transport,
is er ook een negatieve netto stromingsgerelateerde transportcomponent. Dit
transport wordt veroorzaakt door een kleine negatieve netto stroming nabij de
bodem. Deze netto stroming wordt gegenereerd door golfasymmetrie, waardoor
een verschil ontstaat tussen de hoeveelheid turbulentie gedurende de twee halve
golfperioden.

Het belang van deze twee mechanismen wordt bepaald door de vortex sus-
pensie parameter P . Deze nieuwe dimensieloze parameter is de verhouding
tussen de ribbelhoogte en de mediane korrelgrootte. De ribbelhoogte vertegen-
woordigt de verticale mengingsintensiteit van de stroming en de korrelgrootte
het uitzakken van het zand. Voor grote waarden van P (grote ribbels en fijn
zand) is het suspensief transport dominant wat resulteert in negatief (’offshore’)
netto zandtransport. Voor kleine waarden van P is het netto zandtransport juist
in de positieve (’onshore’) richting omdat dan bodemtransport de belangrijkste
wijze van transport is.
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Zandtransportmodellering

In de belangrijke laag bij de bodem met een dikte van twee ribbelhoogtes worden
de tijds- en bedgemiddelde concentraties het beste beschreven met een exponen-
tieel profiel. Referentieconcentraties en afnamelengtes, zoals gemeten in nieuwe
en bestaande experimenten, zijn vergeleken met drie empirische formules. De
formule van Bosman en Steetzel (1986) blijkt het beste in staat de referentiecon-
centratie te voorspellen, terwijl de afnamelengte het beste wordt voorspeld door
de formule van Nielsen (1990). Op basis van de Bosman en Steetzel formule is er
een nieuwe referentieconcentratieformule ontwikkeld die wel de invloed van de
korrelgrootte meeneemt. Tevens blijkt dat de afnamelengte Rc sterk gerelateerd
is aan de ribbelhoogte η en dat de formule Rc = 1.24η goed overeenkomt met
de gemeten waarden. Beide formules geven een betere beschrijving van de tijds-
en bedgemiddelde concentraties dan de bestaande formules.

Het golfgedreven zandtransport over ribbels kan niet op een quasi-stationaire
manier gemodelleerd worden, omdat niet-stationaire fasevertragingseffecten erg
belangrijk zijn in het geval van transport over ribbels. In de praktische zand-
transportmodellen ontwikkeld door Nielsen (1988) en Dibajnia en Watanabe
(1996) worden deze niet-stationaire effecten meegenomen. Echter, deze modellen
zijn gebaseerd op kleinschalige experimenten en blijken niet goed te presteren in
vergelijking met experimenten waarin de orbitaalbeweging wel op ware grootte
werd gesimuleerd. Er is een nieuw transportmodel ontwikkeld dat uitgaat van
een aangepast halve golfperiode concept. De grootte van de vier bijdragen aan
het transport wordt bepaald door de korrel Shields parameter, de mate van golf-
asymmetrie en de vortex suspensie parameter P . Dit nieuwe model is gekali-
breerd aan de hand van transportmetingen met een regelmatige oscillerende
stroming. Vervolgens is het model gevalideerd met ander data, waaronder metin-
gen waarbij de orbitaalbeweging onregelmatig was. Het nieuwe model presteert
beter dan de bestaande praktische zandtransportmodellen.

We concluderen dat het mogelijk is de algemene golfgerelateerde zandtrans-
portprocessen over geribbelde bodems te beschrijven met het eendimensionaal
verticaal (1DV) grenslaag model van Davies en Thorne (2005). Dit model geeft
een goede voorspelling van de timing en grootte van de zandfluxen in de belang-
rijke laag bij de bodem met een dikte van een ribbelhoogte. Ook is het model in
staat om gemeten netto zandtransporten in een regelmatige orbitaalbeweging
redelijk goed te voorspellen. Het model kan echter niet het gemeten tijds- en
bedgemiddelde snelheidsprofiel reproduceren. Dit heeft waarschijnlijk te maken
met verschillen tussen de experimentele data die gebruikt zijn voor modelont-
wikkeling en de huidige experimenten die gebruikt zijn voor modelvalidatie. Met
uitzondering van een laag bij de bodem die ongeveer een halve ribbelhoogte dik
is, onderschat het model de opwaartse voortplanting van de concentratiepieken.
Dit wordt veroorzaakt door het feit dat de menging boven geribbelde bodems
een convectief proces is dat niet goed gemodelleerd kan worden met de diffusie
aanpak die het 1DV model voorstaat. We komen tot drie modelaanpassingen
die resulteren in een verbeterde voorspelling van de zandtransportprocessen.
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Chapter 1

Introduction

1.1 Context

More than 50% of the world’s population live within 60 km of the shoreline,
which could rise to 75% by the year 2020. Furthermore, the coastal regions
are increasingly used for human purposes like harbours, waterways and the oil
industry. More offshore, shallow shelf seas like the North Sea are used for the
construction of windmill parks and the extraction of sand to meet the growing
demand of sand (see Roos, 2004).

The coastline and cross-shore profile are subject to natural changes and
human interferences. It is important to understand the morphological behaviour
of the system and to be able to predict future changes to ensure the safety of
the inhabitants against flooding, to protect economic activities and to further
develop the coastal area. For these purposes morphodynamic models have been
developed, which describe the morphological behaviour using a morphodynamic
loop in which sand transport is an essential link, see Figure 1.1.

initial topography

?
hydrodynamics

?
sand transport

?
bed evolution

-

Figure 1.1: The morphodynamic loop.

The hydrodynamics (waves and currents) induce sand transport if the near-
bed velocities are large enough. Spatial gradients in sand transport lead to
either erosion or deposition, thereby changing the bed topography. These bed
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Figure 1.2: Bed regimes as a function of the water depth and wave height. The
open circles denote ’no sand motion’, the closed circles ’rippled bed regime’ and the
squares ’sheet-flow regime’. The dashed lines indicate approximated transitions from
one regime to another.

changes influence the hydrodynamics and the morphodynamic loop is closed.
The shoreface is a morphological zone that lies between the surf zone, where

the waves become unstable and break, and the inner continental shelf, where
sand is hardly disturbed by wave action. For the Dutch coast, the shoreface is
typically located between 1 and 10 km off the coast with water depths between 8
and 20 m (Van Rijn, 1997). On the shoreface, sand can be transported by wind-,
wave-, tide- and density gradient driven currents (current-related transport) and
by the wave-induced oscillatory water motion (wave-related transport). Wave-
related transport is caused by the deformation of short waves, with periods of
1 − 25 s,under the influence of decreasing water depth. As these waves enter
shallow water, their surface profile changes from nearly symmetric (sinusoidal)
to asymmetric with higher and more peaked crests and flatter and broader
troughs. The corresponding orbital motions become characterised by relatively
large onshore velocities with a short duration beneath wave crests followed by
smaller offshore velocities with a longer duration beneath wave troughs.

Except for storm conditions, when the seabed is flat and sand is transported
within a water-sand layer a few centimetres thick (’sheet-flow’), wave-generated
ripples cover a large part of the shoreface. This is illustrated in Figure 1.2. This
figure indicates which bed regime prevails at different combinations of wave
height and water depth.

Table 1.1 shows the schematised wave climate at deep water that we used.
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Table 1.1: Wave characteristics at deep water typical for the Dutch part of the North
Sea.

Exceedance Wave height (m) Wave period (s)
50% 1.0 5.3
10% 2.4 7.0
1% 4.2 8.9

0.1% 5.5 10.7

This wave climate is typical for the Dutch part of the North Sea (see De Leeuw,
2005). The table shows the wave heights and periods, and the percentage of
time for which these are exceeded. A constant median grain-size of 0.2 mm is
taken, which is typical for North Sea shoreface conditions. Following Nielsen
(1992), the occurrence of the different bed regimes is defined by the Shields
parameter, which is a measure of the mobility of the sand (see Eq. 2.1).

One of the largest knowledge gaps in sand transport processes is the wave-
related transport component in case of rippled beds. This is reflected in the
ability of models to predict the net transport rate under these conditions. An
intercomparison of different transport models and a comparison of these models
with field and laboratory data by Davies et al. (1997) and Davies et al. (2002)
show that the current-related transport is generally well-predicted. The same
comparisons indicate that the agreement between the models mutually and be-
tween the models and data is less convincing for the wave-related transport
component. The greatest convergence is found for cases involving plane beds
and the greatest divergence for cases involving rippled beds.

1.2 Practical relevance

The Dutch coast, like other sandy coastal zones, is subject to erosion. His-
torically, protection against flooding of the lowland area behind the coastline
was achieved by constructing groynes, dikes, dunes and seawalls. In 1990, a
coastal policy was adopted to maintain the Dutch coastline of that date by
applying beach nourishments. At erosive stretches, these nourishments have
been applied regularly. From 1999, sand nourishments were also applied at
the shoreface aimed to prevent the coastline from moving landward. To plan
an effective nourishment scheme, it is important to have insight into the rela-
tion between the transport of the nourished sand and design variables like the
nourishment location and characteristics of the nourished sand.

In order to defend sandy coastal zones in erosive conditions, a satisfactory
estimation of the large-scale coastal behaviour is required. This can be obtained
by means of sand budget calculations. In The Netherlands, an extensive sand
budget study has been undertaken by Van Rijn (1997). This study used process-
based models to calculate the cross-shore and long-shore transport rates. How-
ever, the uncertainty within the predicted transport rates is not very promising.
For example, Van Rijn (1997) found an annual cross-shore transport rate of
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0 m2 yr−1 at the −8 m depth contour with an uncertainty of ±10 m2 yr−1.
This shows the need for more accurate predictions of the cross-shore transport
along the cross-shore profile.

More general, coastal profile models and coastal morphological models - used
for designing sand nourishments, coastal defence schemes and coastal reclama-
tions - require a more accurate description of the wave-related sand transport.

1.3 Research objective

The main research objective is:

To increase the insight into sand transport processes over rippled beds in os-
cillatory flow and to develop reliable, validated models for quantitative transport
predictions on the basis of new and existing data sets.

This study considers the sand transport processes at a full-scale, with emphasis
on the detailed processes. These topics are briefly discussed below.

Sand transport processes at a full-scale

Chapters 2, 3 and 4 show that a substantial body of field and laboratory-based
research has already been devoted to measuring wave-related sand transport
processes over rippled beds and developing predictive models. However, due
to limitations of the experimental facilities, most laboratory experiments were
carried out under small-scale conditions, i.e. relatively short wave periods (T <
5.0 s), while field data contain relatively large uncertainties in the measurements
themselves. As a consequence, the predictive models are based mainly on small-
scale laboratory experiments and may be unreliable for application to full-scale
conditions because of scale effects.

Detailed sand transport processes

The development of process-based models for the prediction of sand transport
over rippled beds in oscillatory flow relies on the availability of detailed measure-
ments of velocities and concentrations from controlled laboratory experiments.
As it turns out in Chapter 4, many experiments have been conducted in the
past but these were generally limited by the experimental set-up, scaling or the
capability of available instrumentation for velocity and concentration measure-
ment.

1.4 Research questions, methodology and outline of the

thesis

In the following, we introduce six research questions along with the research
methodology (see Figure 1.3) and the chapters in which the research questions
are answered.
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Literature review

• processes

• models

• experiments

-

New full-scale laboratory
experiments

• time-averaged
processes

• time-dependent
processes

-

Verification and im-
provement models

• ripple dimensions

• velocities

• concentrations

• net transport rates

Figure 1.3: Schematic representation of the research methodology.

Q1. What is state-of-the-art of the knowledge on wave-related sand trans-
port processes over rippled beds?

This question is answered by a literature review. Chapter 2 focuses on the
transport processes, Chapter 3 on the transport models and Chapter 4 on the
experiments. It turns out that little is known on the time-dependent processes
and the effect of flow irregularity. Furthermore, there is a lack of measurements
under controlled, full-scale flow conditions. Consequently, the sand transport
models have not been thoroughly validated.

Chapter 4 describes new laboratory experiments aimed at filling these knowl-
edge and experimental gaps, forming the basis of this thesis. These experiments
were carried out in two large oscillatory flow tunnels, which are laboratory fa-
cilities in which near-bed horizontal flows - equivalent in period and amplitude
to the near-bed flows of full-scale waves - can be generated over sand beds. The
main advantages of flow tunnel experiments compared to field experiments are:
i) conditions are controlled, ii) net transport rates can be measured, and iii) a
high measuring accuracy can be achieved. However, in oscillatory flow tunnels
the near-bed oscillatory flows generated by real, surface waves are approximated.
Vertical orbital motions - an order of magnitude smaller than horizontal orbital
motions - and small wave-induced net currents associated with the free water
surface are not reproduced. It is expected that these real wave effects have a
minor influence on the sand transport processes over rippled beds. Whether
this is true will be examined in Chapter 10.

Q2. How well do existing methods predict ripple dimensions, and can we im-
prove these methods?
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The new experimental data on ripple dimensions are combined with data from
previous studies to make a large data set of equilibrium ripple dimensions for
oscillatory flows with field-scale amplitudes and periods. The combined data set
is used to test and improve existing methods for predicting ripple dimensions,
which is described in Chapter 5.

Q3. Which processes are responsible for the net sand transport over rippled
beds in oscillatory flow?

This question is answered by analysis of the very detailed measurements from
the new laboratory experiments, the new net transport data and existing net
transport data. Chapter 6 focuses on the new velocity measurements and Chap-
ter 7 discusses the new suspended sand concentration and suspended sand flux
measurements. Important aspects of the flow and suspended sand behaviour
are examined, e.g. the timing of near-bed flow reversal relative to that of the
free-stream. In Chapter 8 the net transport data is analysed in terms of non-
dimensional parameters to understand the nature of sand transport over rippled
beds in oscillatory flow.

Q4. How can we predict the time- and bed-averaged profile of suspended sand
concentration above rippled beds in oscillatory flow with a simple, practical
model?

In Chapter 7 the shape of the time- and bed-averaged concentration profile
is investigated based on new and existing full-scale data sets. Subsequently,
this combined data set is used to test and improve existing concentration mod-
els in Chapter 9.

Q5. How well do existing practical models predict the net sand transport over
rippled beds in oscillatory flow, and can we improve these models?

In Chapter 8 new and existing transport data for regular flow conditions are
used to assess existing practical sand transport models for full-scale ripple regime
conditions. Based on the same data a new transport model is developed, which
is subsequently validated using other data, including measurements from irreg-
ular flow experiments.

Q6. Is it possible to describe the flow and sand transport over rippled beds
in oscillatory flow with a one-dimensional vertical boundary layer model?

To answer this question, the model of Davies and Thorne (2005) is compared
with new measurements of the detailed velocity, concentration and sand flux
field as well as new and existing net transport data. Based on these compar-
isons, model improvements are proposed. This is described in Chapter 9.
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In the final chapter the answers to these research questions are presented. Be-
sides this, Chapter 10 also contains the discussion and recommendations for
further research.
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Chapter 2

Wave-related sand transport processes

over rippled beds

Abstract: We review the state-of-the-art of the knowledge on wave-related sand

transport processes over rippled beds. In general, these are qualitatively understood

with most knowledge coming from field and laboratory measurements. Equilibrium

ripples typically have heights of 0.01 − 0.1 m, lengths of 0.1 − 1 m, steepnesses of

0.1 − 0.2 and migration rates of 0.1 − 30 mm min−1. In a near-bed layer with a

thickness of one to two times the ripple height, the flow dynamics are dominated

by the coherent, periodic vortex structures which are generated above the ripple lee-

slope due to flow separation in each half wave-cycle and then ejected above the crest

just before or after flow reversal. Associated with this, the suspension field above

ripples has a well-organised temporal and spatial structure and coherent, sand-rich,

lee vortices represent the primary mechanism for entraining sand from the bed into the

water column. This has potentially important consequences for the net sand transport

rate beneath asymmetrical waves which can be negative (’offshore’) despite higher

positive (’onshore’) orbital velocities. Wave motion above ripples induces a near-

bed steady velocity, which consists of an onshore Longuet-Higgins type of streaming

and components due to wave asymmetry which can be on- and offshore-directed. It

is concluded that further investigation is required into i) the details of the velocity,

concentration and sand flux field above mobile rippled beds in full-scale oscillatory

flows, ii) the effect of flow irregularity on ripple dimensions and net transport rates, iii)

the processes that determine the direction of net transport, and iv) the sand transport

processes in the high mobility regime.

2.1 Introduction

The seabed is rarely flat. It tends to be covered with sedimentary structures
with different temporal and spatial scales. The prevailing bedform type depends
on the strength and the nature of the flow: steady current, tidal currents, waves,
or a combination of these. We can divide the different sedimentary structures
into large-scale, medium-scale and small-scale bedforms, see Table 2.1.

Large-scale bedforms include tidal sand banks, sand waves and shoreface
ridges. Megaripples, alongshore bars and beach cusps are medium-scale bed-
forms. Reference is made to Hulscher (1996) and Blondeaux (2001) for a de-
scription of these morphological features. This thesis focusses on the small-scale
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Table 2.1: Bedform classification according to spatial and temporal scale.

Type Wave length (m) Timescale Bedform
large-scale 102 − 103 years-millennia sand waves

tidal sand banks
shoreface ridges

medium-scale 100 − 102 hours-day alongshore bars
beachcusps
megaripples

small-scale 10−1 − 100 minutes ripples

bedforms or ripples as induced by short surface waves, and the interaction pro-
cesses between ripples, wave-induced oscillatory flow and sand transport.

The aim of this literature study is therefore to investigate the state-of-the-art
of the knowledge on wave-related sand transport processes over rippled beds.
In Section 2.2 the dynamics of the ripples are discussed. The next section
deals with the detailed wave-related sand transport processes and Section 2.4
discusses the net (wave- and ripple-averaged) sand transport. The final section
contains the discussion and conclusions.

2.2 Ripples

2.2.1 Mechanism of ripple formation

The mechanism of ripple formation is understood in a qualitative sense. Sleath
(1976) was one of the first to study ripple formation on a theoretical basis.
Sleath considered the oscillatory flow over a small, spatially periodic perturba-
tion of a flat bed, and found out that this perturbation - due to interaction
with the oscillatory flow - induces steady streamings which consist of recirculat-
ing cells. The dimensions, intensity and direction of these cells depend on the
characteristics of both the oscillatory flow and the bed perturbation.

If the steady streaming in the vicinity of the bed is strong enough and di-
rected from the trough to the crest of the bottom perturbation, the perturbation
will tend to grow since the sand is driven by the fluid. If the sand particle trajec-
tories are too large, the grains will be trapped in the outer streamings, further
away from the bed, where the drift is directed from the crest towards the trough.
This means that beyond a certain threshold, related to the ratio between the
median grain-size and the wave bottom boundary thickness, ripples will not
form.

The ripples will not grow indefinitely: the tendency of the steady drifts to
carry the grains and pile them up the crests is opposed by the gravity force
acting in the down-slope direction. As soon as a critical height is reached, the
gravity balances the growing tendency.

The ripples first appearing on a flat bed subject to wave-action have been
called rolling-grain ripples by Bagnold (1946). In this stage close to inception
of motion, the grains that are entrained from the bed start to roll back and
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forth on top of the flat bed. After a while they collect together and form small
triangular ridges: rolling-grain ripples. Rolling-grain ripples are characterised
by the absence of flow separation behind the crest as a result of the low steepness,
η/λ . 0.1, with η the ripple height and λ the ripple length. For more vigorous
flows, a lee-side vortex develops which may become so strong that it is able
to initiate grain motion in the space between the two ripples. In this case the
ripples grow until the equilibrium geometry of these so-called vortex ripples is
reached.

Stable rolling-grain ripples are rarely found in the field and during laboratory
experiments, and therefore the actual existence of rolling-grain ripples as a stable
bedform configuration has been questioned. According to a theoretical study by
Andersen (1999), it seems as if rolling-grain ripples are always developing into
vortex ripples, but the transition period can be very long if grain motion is close
to threshold. On the basis of laboratory experiments, Faraci (2001) concludes
that rolling-grain ripples never appear as a stable configuration, but only as a
transient stage towards the vortex regime.

2.2.2 Ripple geometry

The presence of ripples is usually simply expressed as a function of the mobility
number ψ or the grain-related Shields parameter θ′, defined as:

θ′ = 1
2f

′ψ = 1
2f

′ 2u2
rms

∆gD50
(2.1)

with f ′ the friction factor based on Swart (1974) with a roughness of 2.5D50, D50

the median grain-size, urms the root-mean-square horizontal orbital velocity near
the seabed, ∆ = (ρs − ρw) /ρw the relative density of sand with ρw the density
of water and ρs the density of sand, and g the acceleration due to gravity.

For θ′ < 0.05 (Nielsen, 1992) or ψ < 10 (O’Donoghue and Clubb, 2001)
the flow is too weak to cause appreciable sand motion and the bed topography
will be dominated by relic bedforms or the seabed is plane. Under flows of
intermediate strength the bed will be covered with bedforms which are more
or less in equilibrium with the flow conditions. Under very vigorous flows with
θ′ > 1.0 (Nielsen) or ψ > 156 (O’Donoghue and Clubb) bedforms are washed
out and the bed becomes plane again.

Clifton (1976) classified wave-induced ripples based on the ratio of the orbital
diameter do =

√
2urmsT/π (with T the wave period) and the grain-size. Clifton

distinguishes the following three types:

• orbital ripples for do/D50 < 1000, the length increases with increasing do

and is independent of D50;

• suborbital ripples for 1000 < do/D50 < 5000, the length decreases with
increasing do and increases with increasing D50;

• anorbital ripples for do/D50 > 5000, the length is independent of do and
increases with increasing D50.
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Observations of wave-induced ripples show that orbital ripples are characterised
by a constant steepness of roughly 0.17 (Wiberg and Harris, 1994). Anorbital
ripples have a maximum steepness smaller than this, closer to 0.12, and the
steepness decreases with increasing orbital diameter until sheet-flow conditions
are reached. Suborbital ripples have an intermediate steepness. Wiberg and
Harris (1994) show that most of the orbital ripples are observed in flumes,
whereas most of the anorbital ripples are observed in the field. Both flume and
field data comprise suborbital ripples. However, Traykovski et al. (1999) found
only orbital ripples during their field measurements. Under field conditions,
ripples have been found with lengths up to 0.9 m and with heights up to 0.15 m
(Van Rijn, 1993).

Many mathematical models for sand transport over rippled beds require
ripple geometry as input. Therefore, many researchers have attempted to model
the ripple geometry.

Linear stability analyses by Blondeaux and Vittori (1990) and Foti and Blon-
deaux (1995) have been successful in predicting the appearance of ripples, and
the weakly non-linear stability analysis by Vittori and Blondeaux (1990) was
able to predict the actual geometry of rolling-grain ripples with steepness less
than 0.1. However, this theory cannot predict the further growth of the bed-
forms in the vortex regime, since the assumption of weakly non-linear effects
precludes dealing with the strong non-linear process associated with flow sepa-
ration behind the crests. On the basis of laboratory experiments, Faraci (2001)
found that the equilibrium ripple length is 1.5 − 2 times larger than the initial
value. This observation underlines the fact that linear stability analyses are only
valid in the very early stage of ripple appearance, since they assume a constant
ripple length.

Also empirical formulae based on field and laboratory observations have
been developed, which relate ripple height, length and steepness to the flow and
sand parameters. The most widely-used formulae or ripple predictors have been
developed by Nielsen (1981), Mogridge et al. (1994) and Wiberg and Harris
(1994). These will be discussed in Chapter 5.

Based on a large number of large-scale oscillatory flow tunnel experiments,
O’Donoghue and Clubb (2001) concluded that the lengths and heights of sym-
metric ripples produced by sinusoidal flows are similar to the lengths and heights
of asymmetric ripples produced by asymmetric flows with equivalent urms and
T . There is ambiguity about the influence of flow irregularity on the geometry
of ripples. Nielsen (1981) concluded that the size and shape of field ripples are
strongly influenced by the irregularity of the waves. Under irregular waves the
ripples are shorter and flatter than under regular waves. This is supported by
the large-scale oscillatory tunnel experiments of Ribberink and Al-Salem (1994),
who found a substantial decrease in ripple length under asymmetric, irregular
flows compared to regular flows. However, Williams et al. (2000) observed sim-
ilar ripple geometry under regular and irregular waves during large-scale wave
flume experiments. Faraci and Foti (2002) studied ripple geometry in a small-
scale wave flume and concluded that in the range of ψ < 30 the equilibrium
ripple geometry does not seem to be influenced by the presence of irregular
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waves.
In the field and in the laboratory long-crested, parallel ripples with height

and length constant over a large area (2D ripples) as well as 3D ripples have
been observed. It is still not fully clear when 2D and 3D ripples occur. It has
been suggested by O’Donoghue and Clubb (2001) that 3D ripples occur for fine
sand, D50 < 0.26 mm, and relatively high values of the ratio between the orbital
diameter and the median grain-size. They also observed that a 3D transitional
stage exists before the formation of the final larger 2D equilibrium ripples. This
transitional stage can persist for many hours, and therefore it is possible that in
some cases 3D ripples observed in the laboratory and especially in the field are
not in equilibrium with the flow. This contributes to the poor understanding of
the occurrence of 2D and 3D ripples.

Hanes et al. (2001) and Williams et al. (2005) distinguish between small
wave-generated ripples, SWRs, with lengths of 0.04 − 0.25 m, and long wave-
generated ripples, LWRs, with lengths of 0.35 − 2.0 m. Evidence from flume
and field studies shows that SWRs are commonly superimposed upon LWRs,
which makes it unclear whether they are distinct bedforms produced by different
mechanisms or simply variants of the same bed feature. Hanes et al. and
Williams et al. show that existing ripple predictors used to predict SWRs
perform badly for LWRs, which is an indication that LWRs are formed under
previously more energetic flows and are not adjusted to the prevailing flow
conditions. They are thus possibly relic bed patterns.

2.2.3 Ripple migration

It has been observed in the field by e.g. Traykovski et al. (1999) and in the
laboratory by e.g. Ribberink and Al-Salem (1994), Clubb (2001) and Faraci
(2001) that ripples migrate in the direction of wave propagation in the case of
asymmetric waves with a rate of 0.1 − 30 mm min−1.

It is often hypothesised that bedload or near-bed suspended transport is
the forcing mechanism for ripple migration (Traykovski et al., 1999). Larger
onshore velocities generate asymmetry in bedload and the near-bed transport
with the net effect being coarse sand moving onshore near the bed feeding ripple
migration.

In her small-scale flume experiments, Faraci (2001) observed larger migration
rates for regular oscillatory flows than for irregular oscillatory flows.

2.3 Detailed wave-related sand transport processes

2.3.1 Intra-wave velocities

Due to a substantial number of experimental and modelling studies, a good and
detailed qualitative description of the near-bed oscillatory flow above rippled
beds has been achieved.

Figure 2.1 shows vorticity contour plots from 0o to 300o in 60o steps for a
regular symmetric oscillatory flow over a fixed rippled bed. 0o corresponds to
free-stream reversal from offshore to onshore, the ripple length is 0.41 m and
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Figure 2.1: Vorticity contours from 0o (off-onshore free-stream reversal) to 300o in
60o steps for a regular symmetric oscillatory flow over a fixed rippled bed calculated
with the model of Guizien et al. (2003). Positive, ’onshore’ flow is to the right and
positive vorticity values correspond to clockwise motion. Picture taken from Magar et
al. (2005).

the ripple height 0.09 m. These vorticity contours were calculated with the two-
dimensional vertical k-ω turbulence model of Guizien et al. (2003) (see Magar
et al., 2005).

This figure shows how the vortex grows above the lee-side (right-hand side)
of the ripples from 60o to 120o, and is lifted from the bed and ejected into the
flow at 180o. When the phase becomes 240o, the vorticity dynamics are similar
to that at 60o, with the lee-side and the stoss-side of the ripple inverted.

The intra-wave velocity field above full-scale, mobile rippled beds has not
been measured so far. However, there exist a number of velocity data sets
involving either small-scale flows, fixed ripples or point measurements.

For example, Sato (1987) shows experimentally that ripple lee-slope vortices
play an essential role in the production of turbulence and the creation of the
characteristic boundary layer above rippled beds and that the bottom shear
stress was observed to show its peak at a phase when a lee vortex was ejected.

Horikawa and Mizutani (1992) studied the influence of the shape of the
crest of artificial, fixed ripples on the characteristics of the organised vortex
in an oscillatory flow tunnel. Horikawa and Mizutani found that the vorticity
induced by sharp-crested ripples is stronger than the vorticity induced by round-
crested ripples.

Ranasoma and Sleath (1992) measured flow velocities over fixed rippled beds
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using an oscillating tray. It was found that in a near-bed layer with a thickness
of one or two ripple heights, mixing associated with spatially- and temporally-
coherent vortex structures is more important than random turbulent mixing,
with momentum transfer being dominated by the process of vortex ejection at
flow reversal.

Earnshaw and Greated (1998) performed particle image velocimetry mea-
surements of the instantaneous velocity patterns above solid ripples for four
different flow conditions in a towing tank and in a small-scale wave flume. Earn-
shaw and Greated found that the maximum radius of the vortices was about
one ripple height. At or just before flow reversal, the vortices are shed and lifted
to a height of about 1.5η which seems to be independent of the flow condition.

More recently, Doering and Baryla (2002) carried out point measurements
of the near-bed horizontal and vertical velocities under regular and irregular
waves in a small-scale laboratory flume. Their attention was focussed on the
vertical velocity structure. They concluded that the near-bed (< 1.5 cm) vertical
velocities are significantly non-zero and are strongly governed by the presence
and relative position of the underlying ripple. Furthermore, they found that
ripples strongly influence the vertical flow structure up to a height of 4 − 8 cm
above the bed for 2 cm high ripples.

2.3.2 Wave-averaged velocities

It is well known that surface waves induce small wave-averaged flows near the
seabed. Although this so-called streaming is generally small compared to the
horizontal wave orbital velocities, it could be potentially important for net sand
transport due to the presence of high time-averaged sand concentrations. The
steady streaming is generated by different mechanisms.

The so-called Longuet-Higgins streaming is caused by vertical orbital veloc-
ities within the boundary layer, which are not exactly out of phase with the
horizontal velocities, leading to a nonzero time-averaged bed shear stress. This
was theoretically explained by Longuet-Higgins (1953) who showed that over a
smooth flat bed in laminar flow, the Eulerian drift in the boundary layer at the
bed is in the direction of wave propagation.

Other contributions to the steady streaming are due to wave asymmetry.
Ribberink and Al-Salem (1995) observed near-bed streaming against wave prop-
agation during sheet-flow (flat bed) experiments in a large-scale oscillatory flow
tunnel. This boundary streaming can be explained by the wave asymmetry
causing a difference in generated turbulent energy during both half wave-cycles
(see Trowbridge and Madsen, 1984a; Trowbridge and Madsen, 1984b).

Davies and Villaret (1999) developed an analytical model of the drift induced
by weakly asymmetrical progressive waves in the bottom boundary layer above
rippled and very rough beds. The Eulerian drift profile according to Davies and
Villaret comprises (1) a near-bed drift in the direction of wave advance; (2) a
level of zero drift within the boundary layer; and (3) a reversal in the direction
of drift, which then extends to the edge of the boundary layer. Above the
wave boundary layer, the drift is offshore-directed with a constant value. This
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model shows good agreement with measurements of drift at the edge of the
boundary layer and with measured drift profiles by Van Doorn and Godefroy
(1978), Villaret and Perrier (1992), Marin and Sleath (1994), Mathisen and
Madsen (1996a) and Mathisen and Madsen (1996b).

Marin (2004) extended this model from the fully-turbulent to the transitional
flow regime above rough and rippled beds.

It should be realised that these models are mainly based on velocity measure-
ments under waves with short periods (T < 3 s) above fixed, artificial rippled
beds.

2.3.3 Intra-wave concentrations

In general, bedforms are an important control on the suspension patterns pro-
duced by wave-induced flows such that waves of similar height and period can
produce dramatically different suspension patterns depending on the type of
bedform present (Osborne and Vincent, 1996).

Bosman (1982) was one of the first to perform point measurements of the
instantaneous sand concentrations generated by regular waves over rippled beds
in a small oscillating water tunnel. Bosman showed the importance of the vor-
tices on the time-dependent concentration behaviour. Above the ripple crest
two large concentration peaks occurred just after flow reversal, probably gener-
ated by lee-side vortices, and two smaller concentration peaks occurred at the
moment of maximum flow, probably generated by lee-side vortices of the neigh-
bouring ripple, see Figure 2.2. Similar behaviour was found above the ripple
trough, but the peaks were smaller than above the ripple crest due to diffusion
and settling of sand particles.

These fluctuations of sand concentrations are relatively large compared to
the time-averaged component of concentrations. The concentration fluctuations
and the time-averaged component of concentration decay exponentially in the
vertical direction with decay lengths of the same order of magnitude (Chen,
1992).

Sato (1987) and Clubb (2001) show that both flow asymmetry and asymme-
try of the ripple profile exert vigorous influences on the formation of suspended
sand clouds, resulting in a high suspension cloud at on-offshore flow reversal and
a low suspension cloud at off-onshore flow reversal in case of regular asymmet-
ric flows with a higher onshore velocity amplitude and a lower offshore velocity
amplitude.

The most detailed information on the intra-wave suspended sand behaviour
above vortex ripples is given by Thorne et al. (2003), who measured the intra-
wave suspended concentration field in a large-scale wave flume. They observed a
well-defined maximum in near-bed suspended sand concentration on the lee-side
of the ripple between positive velocity maximum and flow reversal. The peak in
concentration decays in magnitude and also suffers a phase lag with increasing
height throughout the near-bed layer. After flow reversal, the pronounced sand
cloud is no longer present at these locations, and the amount of suspended sand
is reduced significantly. A comparable temporal structure is evident at the other
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Figure 2.2: Ensemble mean values and standard deviations of instantaneous concen-
trations over a wave-cycle measured at 0.01 m above the ripple crest level. The flow
was regular symmetric with on-offshore free-stream reversal occurring at θ = 0.25 s
and off-onshore free-stream reversal at θ = 0.75 s. After Bosman (1982).

side of the ripple, where a sand cloud develops between negative maximum and
the following flow reversal. However, this structure is weaker due to the effect
of wave asymmetry.

The picture to emerge from these experiments is of a well-organised temporal
and spatial structure in the suspension field above ripples, and that coherent,
sand-rich, lee vortices represent the primary mechanism for entraining sand from
the bed into the water column.

The suspension processes under irregular waves are more complicated than
under regular waves. For example, Villard and Osborne (2002) show that sus-
pension events appear to be more persistent when smaller waves follow larger
waves. This is attributed to the weaker reversal in the velocity gradient and
vorticity that would weaken and break up eddies. The suspended sand con-
centrations under irregular waves are thus affected by the recent flow history.
This is confirmed by Vincent and Hanes (2002) who performed high resolution
acoustic measurements of suspended sand and bedform dimensions caused by
prototype-scale waves, both regular and in groups, over a mobile sand bed. For
the wave groups, the sand concentration near the bed lagged the waves by one
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or two wave-periods with the lag increasing with distance from the bed. This
lag was interpreted as due to the continual injection of turbulence into the wa-
ter column from vortex processes associated with the oscillatory boundary layer
over bedforms. The effect is one of sand being pumped through the water col-
umn, each wave adding more turbulence (and supporting more suspended sand)
before that from the previous wave has dissipated.

2.3.4 Wave-averaged concentrations

The suspended sand concentration field above ripples is complex, since it is
largely spatially and temporally varying. Therefore, most knowledge is present
on integrated quantities like wave-averaged concentration profiles.

Assuming that a balance exists between an upward diffusive sand flux and
a downward settling flux, the time- and ripple-averaged sand concentration can
be described by:

c(z) = c0 exp

(

−
∫ z

z0

ws

εs
dz

)

(2.2)

where c0 is the reference concentration at the (arbitrary) level z = z0, ws the
sand particle fall velocity and εs the sand diffusivity. In case of a constant sand
diffusivity over the vertical, this yields an exponential profile:

c(z) = c0 exp

(

− (z − z0)

Rc

)

(2.3)

with Rc = εs/ws the concentration decay length. Many field and laboratory
observations (Bosman and Steetzel, 1986; Osborne and Vincent, 1996; Green
and Black, 1999; Clubb, 2001; Thorne et al., 2002) show that this exponential
profile describes the time- and ripple-averaged concentrations well, especially in
a lower layer of 1 − 2 ripple heights where the vortex motions are dominant.

There are many empirical formulas developed for the reference concentration
and the concentration decay length as a function of flow and sand parameters.
These are discussed in Chapter 9.

Other observations in the field and laboratory show that agreement between
measured and predicted concentration is obtained when assuming a certain pro-
file of the sand diffusivity εs(z). For example, Sistermans (2002) tested various
sand diffusivity profiles against small-scale laboratory data and found that the
best overall representation of the measured concentration and grain diameter
profiles is given by a constant-linear-constant εs distribution. Grasmeijer and
Kleinhans (2004) successfully applied a linear sand diffusivity distribution to
predict field-measured time-averaged concentration profiles.

It has been argued, particularly by Nielsen (1992) on the basis of field data of
Nielsen (1984) and laboratory data of McFetridge and Nielsen (1985), that both
convective and diffusive mechanisms are involved in the entrainment process and
that a combined description of these processes is therefore necessary. Lee and
Hanes (1996) adopted Nielsen’s combined approach, and in their approach the
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steady state advection-diffusion equation is given by:

wsc+
∂ (εsc)

∂z
− wsc0F (z) = 0 (2.4)

where F (z) is a function describing the probability of a particle reaching height
z above the bed. The respective terms in Eq. (2.4) represent downward settling,
upward diffusion and upward convection. Lee and Hanes compared this con-
centration model with observations of the vertical distribution of time-averaged
suspended sand concentrations in a nearshore zone. They concluded that this
combined diffusion-convection model has a wider scope than the pure diffusion
model or the pure convection model of Nielsen (1992). Thorne et al. (2002)
explored the approach by Lee and Hanes further. On the basis of comparisons
with large wave flume concentration data, they conclude that in a near-bed
layer with a thickness of about two ripple heights pure diffusion provides a rea-
sonable representation of the measured time-averaged suspended concentrations
above ripples. Above this layer, combined convection-diffusion provides a good
representation of the data.

More recently, Nielsen and Teakle (2004) presented a finite-mixing-length
theory for turbulent mixing, which overcomes the objection to the use of gradi-
ent diffusion in cases where the scale of consideration is not much greater than
the mixing length, which could be particularly relevant for suspended sand above
vortex ripples. With this theory they explained the trend of decreasing εs with
height for fine sand and the trend of increasing εs with height for coarse sand,
as observed by Nielsen (1984) and McFetridge and Nielsen (1985). However,
this theory is not very practical yet since it requires a numerical solution. Fur-
thermore, the theory is still not complete since it contains three unknown fit
parameters.

2.3.5 Sand fluxes

For turbulent flow, we can split the horizontal velocity and the sand concentra-
tion into a wave-averaged component 〈· · · 〉, a periodic component (denoted by
a tilde) and a turbulent component (denoted by a prime):

u(x, z, t) = 〈u(x, z)〉 + ũ(x, z, t) + u′(x, z, t) (2.5)

c(x, z, t) = 〈c(x, z)〉 + c̃(x, z, t) + c′(x, z, t) (2.6)

for a two-dimensional space where x is the horizontal and z the vertical coordi-
nate. The total instantaneous sand flux in horizontal direction is:

ϕ(x, z, t) = u(x, z, t) · c(x, z, t) (2.7)

In general we are most interested in the net (wave-averaged) sand flux, which
is given by:

〈ϕ(x, z)〉 = 〈u(x, z)〉 · 〈c(x, z)〉 + 〈ũ(x, z, t) · c̃(x, z, t)〉 (2.8)
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assuming that the contributions of the turbulent components are negligible (see
Chen, 1992). The left term on the right-hand side of Eq. (2.8) represents the
current-related sand flux and the right term on the right-hand side the wave-
related sand flux, which is zero provided that the waves and ripples are sym-
metric.

There is very little known about the sand flux patterns in cases of oscillatory
flow above rippled beds. Vincent and Green (1990) carried out field measure-
ments of the acoustic backscatter from suspended sand over a rippled bed and
of currents. The waves were asymmetric (larger onshore than offshore orbital
velocities) and there was a small onshore residual current present. Vincent and
Green used a model to compute the vertical velocity profile and with this the
sand flux profiles. The vertical profile of the total flux showed a strong shore-
ward transport close to the bed, where the wave- and current-related fluxes are
in the same direction. Offshore transport is present between 5 and 15 cm above
the bed, where the offshore wave-related flux dominates, and above this there
exist a weak onshore flux due to the current-related flux component. Both the
vertically integrated wave- and current-related fluxes were onshore-directed, and
the current-related fluxes were significantly larger.

A similar flux profile was found by Chen (1992) who measured sand fluxes
above fixed and mobile ripples under short, weakly-asymmetric waves with and
without a relatively strong opposing current. Chen also observed that the sand
flux varies strongly during a wave period and that the fluxes above the ripple
crest may not be equal to the fluxes at the same vertical elevation above the
ripple trough.

2.4 Net sand transport

Fundamentally different physical processes determine sand transport rates above
plane and rippled sand beds. Above rippled beds, momentum transfer and
the associated sand dynamics in the near-bed layer are dominated by coherent
motions, specifically by the process of vortex formation above ripple slopes
and the shedding of these vortices around flow reversal. Above steep long-
crested ripples, this well-organised vortex process is highly effective in entraining
sand into suspension. In a near-bed layer with a thickness of one to two times
the ripple height, the flow dynamics are dominated by these coherent periodic
vortex structures, whereas above this layer the coherent motions break down and
random turbulence seems to dominate the processes (Davies and Villaret, 1997).
This leads to the entrainment of sand into suspension to considerably greater
heights than above plane beds.

In connection with sand transport, the phase of sand pick-up from the bot-
tom during the wave-cycle is also significantly different above rippled beds than
above plane beds with pick-up being linked to the phase of vortex shedding. This
has potentially important consequences for the net sand transport rate beneath
asymmetrical waves which can be negative (’offshore’) despite higher positive
(’onshore’) orbital velocities. The underlying mechanism of this wave-related
transport opposing the direction of wave propagation in the case of asymmetri-
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Figure 2.3: Sand transport over steep rippled beds under regular asymmetric waves.

cal waves is the existence of phase differences between the peak concentrations
and peak velocities related to the generation of vortices on the lee-side of steep
ripples. Due to the time needed for sand settling, phase lags are generally more
important for finer sand and shorter wave periods. This typical process for
transport over steep ripples is illustrated in Figure 2.3.

Indeed, Sato (1987) and Clubb (2001) found net transport in the offshore di-
rection in all regular asymmetric cases instead of onshore transport as generally
observed in plane bed conditions. However, Sato (1987) measured both on- and
offshore net transport under irregular asymmetric waves. Also Ribberink and
Al-Salem (1994) found net transport to be in the onshore direction for irregular
waves and rippled beds. Sato (1987) explained this by considering various types
of sand movements that are present under irregular flows. Under the action
of small waves, the formation of suspended sand clouds was not observed and
only a small amount of sand moved as bedload. Under the action of very large
waves, the vortices collapsed and the suspended clouds were either small or
absent. These mechanisms cause the direction of net sand movement to differ
from wave to wave. Watanabe and Isobe (1990) measured net transport un-
der regular asymmetric waves and found onshore net transport for coarse sand
(D50 = 0.87 mm) and offshore net transport for fine sand (D50 = 0.18 mm).
They found bedload to be onshore-directed and suspended-load mainly offshore-
directed. For coarse sand, bedload is dominant resulting in net transport in the
onshore direction.

As was mentioned in Section 2.2.3, bedload is sometimes related to ripple
migration. For example, Traykovski et al. (1999) measured ripple migration
and time-varying velocity and suspended sand profiles at a field site with coarse
sand, D50 = 0.4 mm. The net suspended sand transport was wave-dominated
and offshore, while ripple migration was onshore. They also found that bed-
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load model calculations forced with measured wave velocities predict bedload
transport and direction consistent with observed ripple migration rates. Clubb
(2001) showed that onshore transport rates were proportional to the product
of the ripple migration rate and the ripple height. In these experiments sus-
pended load was dominant resulting in a total net transport rate in the offshore
direction.

2.5 Discussion and conclusions

In general, wave-related sand transport processes over rippled beds are under-
stood in a qualitative sense.

From stability analyses we know that ripples appear as the result of an in-
herent instability mechanism of the coupled water-bottom system. Ripples grow
in height and length and when the steepness exceeds about 0.1 flow separation
behind the ripple crests occurs and vortex ripples appear. These vortex ripples
reach their equilibrium with lengths of 0.1 − 1.0 m, heights of 0.01 − 0.1 m
and steepnesses of 0.1 − 0.2. These ripples can have a 2D or 3D equilibrium
geometry and it is not clear when 2D/3D ripples occur, although it is expected
that the grain-size and the ratio between orbital diameter and grain-size play a
role. Another unresolved issue is the behaviour of ripples in the high mobility
regime including the transition from the ripple regime to the plane bed/sheet-
flow regime. There is also further investigation required into the effect of flow
irregularity and ripple three-dimensionality on the ripple dimensions.

Ripples migrate in the direction of wave asymmetry with a rate of 0.1 −
30 mm min−1 depending on the flow and sand conditions. There are indications
that ripple migration is coupled to bedload transport.

In a near-bed layer with a thickness of one to two times the ripple height, the
flow dynamics are dominated by the coherent, periodic vortex structures which
are generated above the ripple lee-slope due to flow separation in each half wave-
cycle and then ejected above the crest just before or after flow reversal. The
ripple height and shape of the ripple crest influence the size and strength of the
vortex. Associated with the generation and ejection of vortices, the suspension
field above ripples has a well-organised temporal and spatial structure and co-
herent, sand-rich, lee vortices represent the primary mechanism for entraining
sand from the bed into the water column. However, the details of the flow and
sand suspension field above mobile ripples in oscillatory flows with long periods
and high mobility numbers - e.g. the timing of vortex ejection and maximum
sand pick-up - are not clear.

Wave motion above ripples induces a near-bed steady velocity, which con-
sists of an onshore Longuet-Higgins type of streaming and components due to
wave asymmetry which can be on- and offshore-directed. The state-of-the-art
knowledge does not provide a quantitative description of the streaming profile in
case of long period oscillatory flows above mobile rippled beds. The importance
of this streaming for the net sand transport over rippled beds is unclear.

Most field and laboratory measurements show that the time-averaged sus-
pended concentration profile above rippled beds can be well described by only
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taking upward diffusion and downward settling into account. However, since
mixing of sand above ripples occurs on a relatively large scale, it has been ar-
gued that a pure diffusion approach is inappropriate and that both convection
and diffusion should be accounted for.

There is very little known about the sand flux patterns in case of oscillatory
flow above rippled beds. The very few laboratory and field experiments show
that sand fluxes are highly variable in time and space, associated with the
generation and ejection of lee-side vortices. It has been found that close to
rippled beds the net wave-related flux is in the direction of wave advance, while
it reverses direction higher in the flow.

Fundamentally different physical processes determine sand transport rates
above plane and rippled sand beds. Above steep long-crested ripples, the well-
organised vortex process is highly effective in entraining sand into suspension.
In connection with sand transport, the phase of sand pick-up from the bottom
during the wave-cycle is also significantly different above rippled beds with pick-
up being linked to the phase of vortex shedding. This has potentially important
consequences for the net sand transport rate beneath asymmetrical waves which
can be negative (’offshore’) despite higher positive (’onshore’) orbital velocities.
There are indications that the ratio of bedload transport and suspended load
transport determines the direction of net transport. For coarse sands, the net
transport is found to be in the onshore direction, explained by the dominance
of bedload, while for fine sands suspended load is the dominant transport mode
resulting in net offshore transport.

However, a number of relevant questions remain unanswered. What is the
effect of flow irregularity on the net transport over rippled beds in oscillatory
flows? Which processes determine the direction of net transport? These ques-
tions will be addressed in this thesis.
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Chapter 3

Sand transport models

Abstract: We review models that compute the net sand transport over rippled beds

in asymmetric oscillatory flow. There exist two simple and robust practical models

that try to parameterise the suspended transport processes associated with vortices

generated at the lee slope of the ripple. These models have been calibrated against

data from small-scale regular flow experiments, and it is uncertain whether they are

also able to predict the net transport under full-scale regular and irregular flow con-

ditions in an adequate way. There are a number of models that represent many of the

detailed physical processes and resolve the vertical and sometimes also the horizontal

structure of the time-dependent velocity and sand concentration fields. These models

require lengthy computation times and have hardly been validated against data from

experiments with full-scale, mobile ripples.

3.1 Introduction

For the prediction of seabed changes, coastal evolution and the morphological
impact of human interferences in the coastal system, a reliable and validated
sand transport model is of crucial importance.

The sand transport is the (horizontal) sand flux integrated over the water
depth. The expression for the sand transport in two-dimensional x,z space
reads:

qs(x, t) =

∫ h(t)

0

ϕ(x, z, t) dz (3.1)

where h(t) is the water depth and ϕ(x, z, t) the sand flux, see also Eq. (2.7).
The net transport can be obtained by averaging over time. Similar to the net
sand flux, the net sand transport consists of a wave- and a current-related part,
see also Eq. (2.8).

Especially in the last decades, many mathematical models have been devel-
oped to compute the net sand transport rate. These can be divided into four
classes:

1. time-averaged models;

2. quasi-steady models;

3. semi-unsteady models;
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4. unsteady models.

Semi-unsteady models are also called intermediate models by e.g. Hassan (2003).

In this chapter it is investigated which models are capable of describing the
net sand transport over rippled beds in asymmetric oscillatory flow and to what
extent these have been validated with experimental data. In Section 3.2 to 3.5
the different model types are discussed. Section 3.6 contains a discussion and
the conclusions of this chapter.

3.2 Time-averaged models

Time-averaged models were the first models to be developed to derive the sand
transport rate under waves and currents. The sand transport rate is described
at a time scale much longer than the wave period using the wave-averaged values
of velocity and concentration:

〈qs(x)〉 =

h
∫

0

〈u(x, z)〉 · 〈c(x, z)〉 dz (3.2)

where 〈u(x, z)〉 and 〈c(x, z)〉 are the wave-averaged velocity and concentration
respectively.

A widely-used time-averaged transport formula was developed by Bijker
(1971). This formula describes the current-related transport (suspended load
and bedload) with waves acting as stirring agent. In time-averaged models,
the total net transport is always in the direction of the mean current and the
wave-related transport component is not taken into account. Therefore, time-
averaged models are not further considered here.

3.3 Quasi-steady models

Quasi-steady models consider the sand transport on an intra-wave scale, i.e. a
time-scale much shorter than the wave period. These are based on the assump-
tion of quasi-steadiness: sand transport responds instantaneously to the flow
velocity, as if the flow is steady at each phase during the wave-cycle. In this
way the wave-related sand transport is implicity included.

The behaviour of quasi-steady models can be illustrated by considering a
situation of an asymmetric wave (second-order Stokes) and a superimposed co-
linear current:

u(t) = 〈u〉 + u1 cos (ωt) + u2 cos (2ωt) (3.3)
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where u1 and u2 are the first- and second-order near-bed orbital velocity am-
plitude respectively, and ω = 2π/T the angular frequency. Assuming that qs(t)
is proportional to u3(t) during the wave-cycle, the net transport rate can be
described by:

〈qs〉 = m
1

T

T
∫

0

u3(t) dt (3.4)

with coefficicent m. Substitution of Eq. (3.3) in Eq. (3.4) leads to the following
expression for the net transport rate:

〈qs〉 = m

(

〈u〉3 +
3

2
〈u〉u2

1 +
3

2
〈u〉u2

2 +
3

4
u2

1u2

)

(3.5)

The first three terms on the right-hand side of Eq. (3.5) are current-related
transport components with extra components induced by wave-stirring. The
last term represents the transport component due to wave asymmetry.

Most of the quasi-steady models are empirical and based on experimental
data or based on a theoretical analysis but with a number of empirical co-
efficients. Examples are the models of Bailard (1981), Van Rijn (1993) and
Ribberink (1998).

The bedload model of Ribberink (1998) is valid for steady unidirectional
flows, oscillatory flows and oscillatory flows combined with net currents. The
model is based on the assumption that the bed shear stress is the driving force
for sand transport. The expression for the instantaneous, non-dimensional sand
transport reads:

~Φ(t) =
~qs(t)

√

∆gD3
50

= m (|θ′(t)| − θcr)
n
~θ′(t)

|θ′(t)| (3.6)

with θ′(t) the time-dependent Shields parameter based on the bed shear stress
due to waves and a current and θcr the critical Shields parameter according to
Van Rijn (1993). The coefficients m and n were empirically derived using an
extensive data set (mainly from oscillatory flow tunnels) in the plane bed sheet-
flow regime covering a wide range of wave, current and wave-current conditions:
m = 11 and n = 1.65. The model was not verified for oscillatory flows in the
regime of fully-developed vortex ripples.

The assumption of quasi-steadiness only holds for conditions where the re-
sponse time of sand particles is short relative to the wave period. In other words:
the pick-up and settling of sand particles must take place in a much shorter time
than the wave period. Due to vortex shedding at the lee-side of the ripple, the
peak orbital velocity and the peak suspended sand concentration can be signif-
icantly out of phase resulting in an important time-dependent suspended sand
transport, see also Figure 2.3. Whether quasi-steady models are able to predict
the net transport over rippled beds in oscillatory flow reliably will be tested in
Chapter 8.
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3.4 Semi-unsteady models

Semi-unsteady or intermediate transport models are positioned between the
quasi-steady and the unsteady models. Semi-unsteady models account for phase
lags between the flow velocity and sand concentration, but they do not resolve
the spatial and temporal structure of the velocity and sand concentration fields
like unsteady models.

The semi-unsteady model of Dohmen-Janssen (1999) is closely linked to
the quasi-steady model of Ribberink (1998). An analytical advection-diffusion
model is used to calculate the ratio of net sand transport rate with phase lag
effects and without phase lag effects: the ratio r. This ratio r is used as a
phase lag correction factor for the transport rates predicted by the model of
Ribberink:

〈qs〉Doh = r 〈qs〉Rib (3.7)

The model was developed for plane bed/sheet-flow conditions and has not been
verified for oscillatory flows in the regime of fully-developed vortex ripples.

Semi-unsteady models for rippled bed conditions were developed by Nielsen
(1988) and Dibajnia and Watanabe (1996).

3.4.1 Nielsen (1988)

Nielsen (1988) developed a simple ’grab-and-dump model’ to describe the wave-
related sand transport over ripples. The basic idea is that sand is entrained
(’grabbed’) in two parcels during each wave period by the escaping lee-side
vortices at times of flow reversal.

The amounts of sand entrained after forward and backward velocities respec-
tively are Afc0wsT and Abc0wsT with c0 the reference concentration for a sine
wave with velocity amplitude u1 computed using the formula of Nielsen (1986),
see Eq. (9.3). Af and Ab are entrainment coefficients to account for the (’on-
shore’) forward (f) and the (’offshore’) backward (b) motions of an asymmetric
wave:

Af = 0.5

(

ûc

u1

)6

(3.8)

Ab = 0.5

(

ût

u1

)6

(3.9)

where ûc and ût are the shoreward and seaward velocity amplitudes respectively.
In each half wave-cycle, the sand is transported over a distance equal to the
amplitude of orbital excursion a = 1

2do in the direction opposite to the velocities
that entrained the sand, and then deposited (’dumped’). This leads to the
following time-averaged wave-related sand transport rate:

〈qs〉 = c0ws (Ab −Af) a (3.10)

Nielsen validated this model using small-scale wave flume data with D50 =
0.087 − 0.465 mm, T = 1.5 and 1.7 s and mobility number ψ = 6 − 30.
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3.4.2 Dibajnia and Watanabe (1996)

Dibajnia and Watanabe (1996) present an expression for the total net transport
rate under asymmetric waves, which is the difference between the amounts of
sand transported in the positive (shoreward) and negative (seaward) direction.
Both amounts consist of two parts: an amount of sand that is entrained and
transported during the same half wave-cycle and an amount of sand that is
entrained during the preceding half wave-cycle and transported during the next
half wave-cycle. This behaviour is expressed by the non-dimensional parameter
Γ:

Γ =
ucTc

(

Ω3
c + Ω′3

t

)

− utTt

(

Ω3
t + Ω′3

c

)

(uc + ut)T
(3.11)

where Tc and Tt are the times during which the velocity is positive and nega-
tive respectively. The equivalent velocity amplitude under wave crest (uc) and
trough (ut) are described by:

u2
c =

2

Tc

Tc
∫

0

u2 dt (3.12)

u2
t =

2

Tt

T
∫

Tc

u2 dt (3.13)

Values of Ωc, Ω′
c, Ωt, and Ω′

t are obtained as follows:

Ωc =







ωcTc

√

∆g
D50

if ωc ≤ ωcr

ωcrTc

√

∆g
D50

if ωc > ωcr

(3.14)

Ωt =







ωtTt

√

∆g
D50

if ωt ≤ ωcr

ωcrTt

√

∆g
D50

if ωt > ωcr

(3.15)

Ω′
c =

{

0 if ωc ≤ ωcr

(ωc − ωcr)Tc

√

∆g
D50

if ωc > ωcr

(3.16)

Ω′
t =

{

0 if ωt ≤ ωcr

(ωt − ωcr)Tt

√

∆g
D50

if ωt > ωcr

(3.17)

with:

ωc =
Tfall

Tc
=

u2
c

2∆gwsTc
(3.18)

ωt =
Tfall

Tt
=

u2
t

2∆gwsTt
(3.19)
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with Tfall the time required for a sand particle to settle back to the bed after
being brought into suspension. The non-dimensional net transport rate Φ is
calculated with:

Φ =
〈qs〉
wsD50

= 0.0015 |Γ|0.5 Γ

|Γ| (3.20)

The basis principle is that if ωc (or ωt) is larger than a critical value ωcr, indi-
cating that the fall time of suspended sand particles is longer than the duration
of the half wave-cycle, part of the entrained sand is transported during the next
half wave-cycle.

The original Dibajnia and Watanabe model was developed for sheet-flow
conditions (with ωcr = 1). Dibajnia and Watanabe showed that there is also
satisfactory agreement with small-scale transport data in the ripple regime of
Watanabe and Isobe (1990) with ωcr = 0.03 for D50 = 0.18 mm and ωcr = 0.05
for D50 = 0.87 mm.

3.5 Unsteady models

Unsteady sand transport models are the most sophisticated model type. These
models represent many of the detailed physical processes involved in sand trans-
port by waves and currents over rippled beds, and resolve the vertical and some-
times also the horizontal structure of the time-dependent (intra-wave) velocity
and sand concentration field above a ripple. The net sand transport can be
obtained by integrating the time- and ripple-averaged sand flux over the water
depth.

Unsteady models can be divided into: turbulence-closure models, discrete-
vortex models, Large Eddy Simulations (LES) and Direct Numerical Simula-
tions (DNS). DNS is currently limited to laminar flows over rippled beds due
to computational capacity restrictions. LES modelling is complex and still in
development. These two modelling techniques are not included in the present
study.

3.5.1 Turbulence-closure models

Turbulence-closure models solve the Reynolds-averaged Navier-Stokes equations
for the flow and the advection-diffusion equation for the suspended sand con-
centration (see e.g. Van Rijn, 1993). According to the Boussinesq hypothesis,
the Reynolds stresses are assumed to be proportional to the eddy viscosity and
the gradient of the turbulence-averaged velocity.

Two-dimensional vertical (2DV) turbulence-closure models for rippled bed
conditions have been developed by Andersen (1999), Guizien et al. (2003) and
Eidsvik (2004). These models use a two-equation turbulence model relating the
eddy viscosity to either the turbulent kinetic energy k and its dissipation ε or
to k and the specific kinetic energy dissipation rate ω. Presently, these models
have not been tested against measurements of the wave-related sand transport
processes over rippled beds.
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Davies and Thorne (2005) developed a one-dimensional vertical (1DV), two-
layer model for the sand transport by waves in the vortex ripple regime. This
model is described in the following section.

3.5.2 1DV model of Davies and Thorne (2005)

Hydrodynamics

The hydrodynamics in this model are described by the momentum equation in
the x-direction horizontally averaged over one ripple length (neglecting viscous
stresses):

∂ 〈u〉
∂t

=
du∞
dt

+
∂

∂z

(

τ

ρw

)

(3.21)

where u∞ is the free-stream orbital velocity. The brackets denote horizontal
averaging over the ripple. The shear stress is:

τ

ρw
= −〈u′w′〉 − 〈uw〉 (3.22)

Here the total shear stress is made up of two components. The first is the
horizontally averaged, turbulent Reynolds stress, and the second is the horizon-
tally averaged momentum transfer associated with periodic velocity correlations.
Based on theoretical and experimental evidence, Davies and Thorne (2005) as-
sume that it is the latter contribution that makes the dominant contribution
in a near-bed layer with a thickness of two ripple heights. By analogy with
the gradient diffusion assumption, the total shear stress in the near-bed layer is
related to the velocity gradient by an eddy viscosity as follows:

τ = ρwK
∂ 〈u〉
∂z

(3.23)

In a near-bed layer of two ripple heights, the time-averaged eddy viscosity
is given by Nielsen’s (1992) height-invariant expression for rough beds:

K̄ = cka1ωks (3.24)

in which the overbar denotes a time average, and where the empirical constant
ck = 0.004, a1 = u1/ω is the near-bed excursion amplitude and ks the equivalent
bed roughness given by:

ks = 25
η2

λ
(3.25)

For simulation of asymmetric waves, the eddy viscosity - which exhibits time
dependence but no height dependence - is assumed to be given by the real part
of the following expression:

K = K̄
(

(1 + ε0) + ε1e
iωt + ε2e

2iωt
)

(3.26)
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in which the respective terms on the right-hand side represent the mean, asym-
metric and symmetric components of K with:

ε1 = |ε1| eiϕ1 (3.27)

ε2 = |ε2| eiϕ2 (3.28)

Here the phase angles ε1 and ε2 allow a phase difference between maximum
free-stream velocity and the respective components of the eddy viscosity. For
asymmetric waves with B = u2/u1 < 0.2, the time-varying components of the
eddy viscosity behave in the following manner:

|ε1| =

{

10B for B ≤ 0.1

1.0 for B ≥ 0.1
(3.29)

|ε2| =











1 for B ≤ 0.1

1 − 40
3 (B − 0.1) for 0.1 ≤ B ≤ 0.15

1
3 for B ≥ 0.15

(3.30)

based on the analysis of Davies and Villaret (1999). The following phase rela-
tionships have been used for the eddy viscosity components:

ϕ1 = − arccos (B) + ∆ϕ (3.31)

ϕ2 = 2ϕ1 (3.32)

with ∆ϕ = 4o the phase lead of peak eddy viscosity ahead of flow reversal. The
small additive constant in Eq. (3.26) is given ε0 = |ε1|2 / (8 |ε2|) for the eddy
viscosity to remain positive throughout the wave-cycle.

In the upper layer (z > 2η), the coherent vortex motions are considered
to have broken down into random turbulence. Here the flow is determined by
the one-equation turbulence formulation of Davies and Li (1997). Matching
conditions have been applied at the interface of the lower and upper layer.
In particular, at z = 2η, continuity has been imposed instantaneously in the
horizontal velocity and eddy viscosity. The boundary conditions are no slip
(〈u〉 = 0) at the mean bed level z = 0, and zero shear stress (K∂ 〈u〉 /∂z = 0)
at the mean water surface level (z = h).

Sand dynamics

The suspended sand concentrations in this model are described by the horizon-
tally averaged advection-diffusion equation:

∂ 〈c〉
∂t

=
∂

∂z

(

ws 〈c〉 +Ks
∂ 〈c〉
∂z

)

(3.33)

where Ks is the sand diffusivity. Based on theoretical and experimental evi-
dence, Davies and Thorne (2005) assume that the sand diffusivity above ripples
is significantly greater than the eddy viscosity, Ks = βK with β = 4.0. This
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β-value has been assumed to revert smoothly from its value of 4.0 in the lower
layer towards unity in the upper layer according to the power law rule:

β = 4.0 − 3.0

(

z − 2η

h− 2η

)ζ

(3.34)

where the optimised value ζ = 0.4 has been used.
The bottom boundary condition for sand has been expressed as a strongly

time-varying pick-up function, which represents sand entrainment associated
with the vortex shedding processes. The assumed pick-up is at z = 1

2η and
given by the real part of:

−Ks
∂ 〈c〉
∂z

= wsc0

1
2

(

(1 + ε0) + ε1e
iωt + ε2e

2iωt
) ((

1 + ace
2iωt
)

+ c.c.
)

(

(1 + ε0) + 1
4Ac |ε2|

(

ei(2ϕ1−2ϕc) + c.c.
)) (3.35)

where c.c. denotes the complex conjugate. In the quotient on the right-hand
side of Eq. (3.35), the first (complex) term arises from the time variation in the
eddy viscosity, see Eq. (3.26). This term contains symmetric and asymmetric
contributions. The second (real) term in the numerator expresses the time
variation in the gradient of concentration at the ripple crest level, which is
assumed - for simplicity - to be symmetric in time. The coefficient ac allows time-
variation in the concentration gradient, because ac = Ac exp (2iϕc) in which
Ac = 1. The phase angle, ϕc ≈ 34o, is based on the experimental data of
Thorne et al. (2003) and leads to the outcome that the predicted concentration
maxima at the ripple crest level occur somewhat ahead of flow reversal. The
cycle-mean concentration, c0, is predicted by the formula of Nielsen (1986), see
Eq. (9.3), but with an optimised coefficient of 0.0022 instead of 0.005. A zero
sand flux condition has been applied at the upper boundary of the model.

The model has been compared with large-scale wave flume experiments by
Thorne et al. (2002) and Thorne et al. (2003). The observed time- and bed-
averaged concentration profiles for a number of different regular flow conditions
are well represented, which was expected since the model has been tuned to
give the observed reference concentration and the concentration decay length.
Furthermore, the model has been found to represent reasonably well both the
time variation in the near-bed, ripple-averaged concentration field, and also the
variation in phase of the time-varying concentration with height above the bed.
The model tends to overestimate the rate of change of phase angle as concen-
tration peaks propagate upwards. The comparison between the measured and
predicted intra-wave concentration field was carried out for one experimental
condition.

3.5.3 Discrete-vortex model

Malarkey and Davies (2002) developed a discrete-vortex model, in which the
2DV flow field is described by the vorticity transport equation using the stream
function ψ (u = ∂ψ/∂z, w = −∂ψ/∂x):

∂ω

∂t
+
∂ψ

∂z

∂ω

∂x
− ∂ψ

∂x

∂ω

∂z
= ν

(

∂2ω

∂x2
+
∂2ω

∂z2

)

(3.36)
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where ν is the kinematic laminar viscosity; the Reynolds stresses are not taken
into account. The vorticity ω is defined in terms of the streamfunction in Pois-
son’s equation:

∂2ψ

∂x2
+
∂2ψ

∂z2
= −ω (3.37)

Malarkey and Davies solve these equations by representing the vorticity field
as a finite sum of point vortices. To mimick diffusion, a random jump with
zero mean and fixed variance is imposed on the position of each vortex. The
model shows satisfactory agreement with vorticity contours measured by Marin
(1988) and Ranasoma (1992), and the vortex position and strength measured
by Earnshaw (1996). All these measurements are carried out above a stationary
bed of artificial ripples.

Magar et al. (submitted) combined this discrete-vortex model with a newly-
developed Lagrangian particle-tracking model. At every time step, one particle
is released in the vicinity of the ripple crest with the flow velocity at that point.
A mass is assigned to the ejected particle using an excess stress formula, so that
the sand transport associated with each notional particle being ejected equals
the bedload predicted by the formula of Meyer-Peter and Müller (1948). The
particle-tracking model uses the ensemble-averaged flow field. Since turbulent
contributions disappear when ensemble-averaging the flow field, the particles are
also subject to a normally distributed random jump with zero mean and fixed
variance. This model has not yet been validated against experimental data.

3.6 Discussion and conclusions

Sand transport models can be divided into four classes: time-averaged mod-
els, quasi-steady models, semi-unsteady models and unsteady models. Time-
averaged models do not take the wave-related transport component into account.
Quasi-steady models have been developed for plane bed conditions and assume
that sand transport responds instantaneously to the flow velocity. Due to vortex
shedding on the lee-side of the ripple, peak orbital velocity and peak suspended
sand concentration can be significantly out of phase resulting in an important
time-dependent suspended sand transport. Therefore, it is not clear whether
a quasi-steady model can reliably predict the net wave-related transport over
rippled beds.

Table 3.1 presents an overview of transport models developed to predict the
net sand transport over rippled beds in asymmetric oscillatory flows and the
extent to which these are validated with experimental data.

This table shows that there are two semi-unsteady models that try to param-
eterise the vortex process above ripples in a relatively simple way making use
of experimental data sets: the grab-and-dump model of Nielsen (1988) and the
model of Dibajnia and Watanabe (1996). These transport models have been
calibrated against data from small-scale regular oscillatory flow experiments,
and it is uncertain whether they are also able to predict the net transport under
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Table 3.1: Overview of models for the prediction of the net sand transport over rippled
beds in asymmetric oscillatory flows and the extent to which these are validated with
experimental data. N88 denotes Nielsen (1988); DW96 Dibajnia and Watanabe (1999);
DT05 Davies and Thorne (2005); A99 Andersen (1999); G03 Guizien et al. (2003) E04
Eidsvik (2004); M02 Malarkey and Davies (2002); Msub Magar et al. (submitted).

Ref. Model type Transport Ripple regime validation
mode parameter T (s) ψ

N88 semi-unsteady total load 〈qs〉 1.5,1.7 6-30
DW96 semi-unsteady total load 〈qs〉 3.0,6.0 6-66

DT05 1DV k turbulence closure bedload and c(x, z, t) 5.0 54
+ analytical submodel susp. load

A99 2DV k-ω turbulence closure bedload and ·? · ·
susp. load

G03 2DV k-ω turbulence closure bedload and · · ·
susp. load

E04 2DV k-ε turbulence closure bedload and · · ·
susp. load

M02, 2DV discrete-vortex model susp. load ·† 1.1,2.4, ·‡

Msub + particle-tracking 8.5

?This model has been compared with wave+current flow measurements over rippled beds by

Fredsøe et al. (1999). †This model was compared with measured vorticity contours, vortex

position and vortex strength. ‡Bed consisted of stationary, artificial ripples.

full-scale (i.e. long flow periods) regular and irregular flow conditions in an ad-
equate way. By their nature, these two models are robust and easy to compute,
and they can therefore be implemented relatively easily in coastal morphological
models.

Five unsteady transport models, able to predict the wave-related sand trans-
port over rippled beds, are described. These unsteady models represent many
of the detailed physical processes and resolve the vertical and sometimes also
the horizontal structure of the time-dependent (intra-wave) velocity and sand
concentration fields. However, such models are complex, require long computa-
tion times and are therefore generally not implemented in coastal morphological
models.

The model of Davies and Thorne (2005) is an attempt to parameterise the
2DV ripple effects in a 1DV model. The water column is divided into a lower
vortex-dominated region and an upper turbulence-dominated region with a cor-
responding changeover level of two ripple heights above the (undisturbed) mean
bed level. Ripple effects are accounted for by a strong time-varying but height-
independent eddy viscosity, a larger sand diffusivity (mixing), and a strongly
time-varying pick-up function as bottom boundary condition. A critical issue
is the phase of vortex shedding and sand pick-up, which are considered to be
independent of the flow and sand parameters and which are modelled based on
limited experimental and modelling evidence. The model has been validated
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against intra-wave concentration data for only one experimental condition, and
no comparisons with measured net transport rates, intra-wave flow and intra-
wave sand flux fields have been carried out.

More sophisticated are the 2DV models where the ripple effects are mod-
elled more directly; the k-ω turbulence-closure model of Andersen (1999) and
Guizien et al. (2003), the k-ε turbulence-closure model of Eidsvik (2004), and
the discrete-vortex model of Malarkey and Davies (2002) combined with a La-
grangian particle-tracking model by Magar et al. (submitted). These models
have not been validated against detailed measurements of sand transport pro-
cesses in oscillatory flows over full-scale, mobile ripples.



Chapter 4

Experiments

Abstract: From a review of full-scale laboratory experiments, we conclude that there

is a lack of net transport, time-dependent velocity and time-dependent suspended sand

concentration measurements over rippled beds in oscillatory flows. Therefore, two new

experimental series were carried out to study the sand transport processes over rippled

beds in full-scale oscillatory flows. One focussed on the time-averaged processes for

a large number of flow and sand conditions, and the other focussed on the detailed,

time-dependent processes for a selected number of conditions. This data set will be

used to increase our insight into the wave-induced sand transport over ripples and to

validate and develop mathematical models of wave-generated sand transport.

4.1 Introduction

Experimental results are important to understand the complex nature of ripple
regime sand transport. Numerous experimental studies into the sand transport
processes over rippled beds in oscillatory flow have been carried out in the past,
both in the field and in the laboratory.

Field experiments have been conducted by e.g. Hanes et al. (2001), Williams
et al. (2003) and Grasmeijer and Kleinhans (2004). In this chapter we do not
consider field measurements further for three reasons. First, at this moment
it is not yet possible to measure the total net sand transport rate in the field.
Second, there is in general a large uncertainty in the position of the measuring
instruments relative to the local bed level, resulting in a relatively large uncer-
tainty in the measured quantities. Third, there is uncertainty if the measured
ripples are in equilibrium with the measured flow conditions due to flow and
bed history effects.

Due to limitations of the experimental facilities, many laboratory experi-
ments (e.g Bosman, 1982; Sato, 1987; Chen, 1992; Faraci, 2001; Sistermans,
2002) were carried out under small-scale conditions, i.e. relatively short wave
periods (T < 5.0 s) and low mobility numbers (ψ < 50). Although both field and
small-scale laboratory experiments have proven their merit in understanding the
sand transport processes over rippled beds in oscillator flow, we will focus on
controlled experiments carried out in large laboratory facilities in which near-
bed horizontal flows, equivalent in period and amplitude to the near-bed flows
induced by full-scale waves, can be generated.
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Table 4.1: Overview of laboratory data sets on sand transport processes over rippled beds in full-scale oscillatory flow. Key: Fac. =
experimental facility; OFT = oscillatory flow tunnel; TT = towing tank; WF = wave flume; No. = number of experimental conditions;
FR = fixed ripples; RS = regular symmetric; RA = regular asymmetric; IS = irregular symmetric; IA = irregular asymmetric.
Reference Fac. No. D50 Flow T , Tp ψ Measured parameters

(mm) type (s) η, λ c(z) ~u(x, z, t) c(x, z, t) 〈qs〉

Horikawa and Mizutani (1992) OFT 4 FR RS 3.0-9.0 · · · · · · · · · × · · · · · ·
Ribberink and Al-Salem (1994) OFT 25 0.21 RS 2.0-10.0 26-662 × × · · · · · · · · ·

6 0.21 IA 5.0-9.1 24-64 × × · · · · · · ×
Earnshaw and Greated (1998) TT 3 FR RS 8.5 · · · · · · · · · × · · · · · ·
Williams et al. (2000) WF 3 0.16 RS (RA) 5.0 34-137 × × · · · · · · · · ·

4 0.16 IS (IA) 4.5-5.3 14-77 × × · · · · · · · · ·
3 0.33 RS (RA) 5.0 38-89 × × · · · · · · · · ·
3 0.33 IS (IA) 4.9-5.1 15-36 × × · · · · · · · · ·

Clubb (2001) OFT 27 0.18-0.44 RS (RA) 2.0-10.0 15-125 × · · · · · · · · · · · ·
4 0.34 RS,RA 5.0-10.0 52-87 × × · · · · · · · · ·
4 0.34 RA 5.0-10.0 52-104 × · · · · · · · · · ×

Grasmeijer (2002) WF 2 0.33 IS (IA) 5.0 40,57 × × × × · · ·
Thorne et al. (2002) WF 10 (8) 0.33 RS (RA) 4.0-6.0 32-82 × × · · · · · · · · ·

4 0.33 IS (IA) 4.9-5.1 12-70 × × · · · · · · · · ·
Vincent and Hanes (2002) WF 4 0.24 RS (RA) 6.5 37-306 × × · · · × · · ·

4 0.24 IS (IA) 6.5-9.1 42-177 × × · · · × · · ·
Thorne et al. (2003) WF 1 0.33 RS (RA) 5.0 55 × · · · · · · × · · ·
Williams et al. (2004) WF 9 0.16 RS (RA) 4.0-6.0 15-141 × · · · · · · · · · · · ·

5 0.16 IS (IA) 4.5-5.3 35-215 × · · · · · · · · · · · ·
16 0.22 RS (RA) 6.0 5-199 × · · · · · · · · · · · ·
14 0.33 RS (RA) 4.0-6.0 14-104 × · · · · · · · · · · · ·
5 0.33 IS (IA) 5.0-5.10 16-93 × · · · · · · · · · · · ·
16 0.35 RS (RA) 6.0 7-186 × · · · · · · · · · · · ·

Total regular flow 143 136 47 7 5 4

Total irregular flow 33 33 23 2 6 6
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Table 4.1 shows an overview of the laboratory experiments carried out under
full-scale conditions. For the wave flume experiments it was not clear whether
the flow was symmetric or asymmetric, which is denoted by ’RS (RA)’ or in case
of irregular flow ’IS (IA)’. Thorne et al. (2002) measured ripple dimensions for
10 different regular flow conditions, but they measured concentration profiles
for only 8 flow conditions.

This table shows that ripple geometry has been measured for a large number
of regular (136) and irregular flow conditions (33). To a lesser extent the same
is true for the time-averaged concentration profile with a total of 70 different
experimental conditions. There is a lack of net transport and time-dependent
velocity and concentration measurements. Although net sand transport rates
have been measured for both regular and irregular flows, the amount of data
is limited and it only covers a narrow range of sand and flow conditions. The
largest part of the velocity measurements were carried out above artificial fixed
rippled beds where mobile bed effects are not present. Furthermore, for these
fixed bed experiments it is not clear whether the artificial ripple geometry was
based on natural ripples that are in equilibrium with the flow. There are only a
few time-dependent concentration measurements and therefore it is still unclear
how flow and sand parameters affect this time-dependent behaviour. Only in
two cases corresponding velocity measurements were made, resulting in only
two measurements of the time-dependent sand fluxes above rippled beds under
controlled, laboratory, field-scale conditions.

To fill this experimental gap, two types of new full-scale experiments have
been carried out in two laboratory facilities. One is focussed on the time-
averaged sand transport processes over rippled beds, in particular on net trans-
port rates under regular and irregular flows covering a wide range of flow and
sand conditions. The other is focussed on the time-dependent sand transport
processes over rippled beds, in particular on the combined time-dependent ve-
locity and concentration field under regular asymmetric flows. These new ex-
periments are described in the following two sections. Section 4.4 contains a
summary of this chapter.

4.2 Series 1: time-averaged sand transport processes

The objective of the Series 1 experiments was to obtain reliable data of rip-
ple dimensions, time-averaged concentration profiles and net transport rates in
full-scale regular and irregular flow, covering a wide range of flow and sand con-
ditions. These data will be used to increase the insight into the time-averaged
sand transport processes, and to verify and develop ripple predictors, models
for the time-averaged concentration profile and sand transport models.

A concise description of these new measurements is given below; more de-
tailed descriptions can be found in Van der Werf (2004).
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Figure 4.1: The large oscillating water tunnel at WL|Delft Hydraulics.

4.2.1 Experimental facility

The experiments were carried out in the Large Oscillating Water Tunnel (LOWT)
at WL|Delft Hydraulics. The LOWT is a large laboratory facility in which near-
bed horizontal flows, equivalent in period and amplitude to the near-bed flows
induced by full-scale waves, can be generated over sand beds. A general outline
of the facility is shown in Figure 4.1.

The tunnel has the shape of a U-tube with a long rectangular horizontal
section and a reservoir at each end. The desired oscillatory water motion is
driven with a piston in one of the end reservoirs. The test section of the LOWT
is 14 m long, 1.1 m high and 0.3 m wide. A 0.3 m thick sand bed is placed into
the test section leaving 0.8 m height for the flow above the bed. A more detailed
description of the facility can be found in Ribberink and Al-Salem (1994).

4.2.2 Measurement methods

The experiments started from flat bed and the ripples were allowed to develop
over time until they reached an equilibrium condition where ripple height, length
and shape are more or less constant in time. Measurements were then made
of the ripple dimensions, time-averaged suspended sand concentrations and net
sand transport rates.

The ripples were measured using a bed profiler, developed by WL|Delft Hy-
draulics, which consisted of a laser diode that sends out a laser sheet approxi-
mately 0.5 mm wide over the entire tunnel width. A camera at an angle of 45o

records the reflected signal from the bed. Output of the bed profiler is the bed
level in x,y,z-coordinates with a vertical resolution of 1 mm. At every centime-
tre along the tunnel length, the bed level was recorded, providing a detailed
description of the height of the sand bed.

A Transverse Suction System (TSS) was used for measuring time-averaged
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Figure 4.2: The transverse suction system. The numbers represent the distance
between the nozzles in centimetres.

concentration profiles of suspended sand by extracting water-sand samples in a
direction normal to the flow (see Figure 4.2). The system consists of 10 separate
intake nozzles with an inner diameter of 3 mm placed above each other at an
increasing distance. The quantities of water and sand sampled are measured to
obtain the concentration. The sand volume of each collected sample is measured
using calibrated glass tubes and transferred to sand weight using the density
and porosity of the sand. The duration of suction sampling was equivalent to
at least 27 flow cycles. For each experimental condition, one TSS measurement
was carried out above the ripple crest and one above the ripple trough at the
same elevation. The ripple-averaged concentrations were determined by taking
the average of these two. More detailed descriptions of the transverse suction
technique can be found in Bosman et al. (1987).

The calibration of the suction system is determined by the trapping efficiency
αs defined as the ratio of the sand concentration in the sucked sample, cs, and
the concentration in the flow, cc, i.e. αs = cs/cc. The value of trapping efficiency
depends on many parameters, such as the nozzle dimension, its orientation to the
flow, the velocities of intake and ambient flow, the sand particle characteristics
(size and shape) and the relative density of the sand. According to Bosman
et al. (1987), the calibration factor is dependent on the grain-size only if the
intake velocity is at least three times as large as the maximum orbital velocity,
which was the case for the present experiments. For the calculation of αs the
average grain-size of the suspended material was taken.
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The errors of the concentration measurements by the TSS originate mainly
from:

• uncertainty in the vertical position of the suction tubes which is estimated
to be ±4 mm;

• using a constant αs, 2%;

• inaccuracy of αs calibration, 3% (according to Bosman et al., 1987).

Therefore, the estimated total (random) error in the measured concentration is
5%, and the uncertainty in vertical position ±4 mm. This estimation does not
include uncertainties associated with the ripple size and shape.

The net sand transport rates were measured using a mass conservation tech-
nique. Given the sand masses in the traps at both ends of the test section
and the volume changes derived from the bed profiling system, the net sand
transport rates along the test section were calculated by integration of the sand
continuity equation from the left-hand and the right-hand side boundary. The
calculated net transport rate in (or close to) the middle of the test section was
taken as a representative value. Errors involved in net transport measurements
are due to inaccuracies of the bed level sounding system, slight compaction
of the top layer during the test, inaccuracies in measuring the sand masses in
the traps and sand loss during draining of the tunnel. Repeated measurements
for the same condition showed that the (random) error in the measured net
transport rate is ≈ 20%.

4.2.3 Experimental conditions

The conditions of the new experiments are presented in Table 4.2.
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Table 4.2: Experimental conditions of the new measurements of time-averaged sand transport processes over rippled beds in the LOWT.
Key for flow type: RA = regular asymmetric; IS = irregular symmetric; IA = irregular asymmetric.

Exp. D50 Flow T , Tp do R urms umax, u1/10 u1/3,on u1/3,off ψ√
2rms ψmax,

(mm) type (s) (m) (m s−1) (m s−1) (m s−1) (m s−1) ψ1/10

T4-05 0.35 RA 5.0 0.90 0.63 0.40 0.69 · · · · · · 56 84
T5-05 0.35 RA 5.0 1.13 0.63 0.50 0.87 · · · · · · 88 134
T6-05 0.35 RA 5.0 1.35 0.63 0.60 1.03 · · · · · · 127 187
T3-07 0.35 RA 7.5 1.01 0.63 0.30 0.52 · · · · · · 32 48
T4-07 0.35 RA 7.5 1.35 0.63 0.40 0.69 · · · · · · 56 84
T5-07 0.35 RA 7.5 1.69 0.63 0.50 0.86 · · · · · · 88 134
T6-07 0.35 RA 7.5 2.03 0.63 0.60 1.04 · · · · · · 127 187
T4-10 0.35 RA 10.0 1.80 0.63 0.40 0.69 · · · · · · 56 84
T5-10 0.35 RA 10.0 2.25 0.63 0.50 0.86 · · · · · · 88 134
T6-10 0.35 RA 10.0 2.70 0.63 0.60 1.03 · · · · · · 127 187

U36 0.35 IA 6.5 1.04 0.58 0.36 1.14 0.85 0.62 46 221
U44 0.35 IA 6.5 1.27 0.56 0.44 1.26 1.02 0.80 68 280

V25 0.22 IS 10.2 1.09 0.51 0.25 0.65 0.53 0.51 35 119
V34 0.22 IS 10.2 1.45 0.50 0.34 0.81 0.69 0.69 65 184
V38 0.22 IA 9.7 1.51 0.55 0.38 1.02 0.88 0.72 81 292
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Figure 4.3: Grading curves of sands used in the Series 1 experiments.

Three groups of experiments can be identified.

1. 10 ’T-series’ experiments, with 0.35 mm sand in regular asymmetric flows.
Measurements were made of ripple dimensions, time-averaged suspended
sand concentrations and net sand transport rates.

2. 2 ’U-series’ experiments with 0.35 mm sand. The flow was irregular asym-
metric. Measurements were made of ripple dimensions, time-averaged
suspended sand concentrations and net sand transport rates.

3. 3 ’V-series’ experiments with 0.22 mm sand. The flows were based on
field-measured flows and were irregular, symmetric or weakly asymmetric.
Measurements were made of ripple dimensions, time-averaged suspended
sand concentrations and net sand transport rates.

Grading curves for the two sands used in the experiments are presented in
Figure 4.3. The D10, D50 and D90 sizes are shown in the figure; only the D50

is given in Table 4.2.

The velocity function for the regular flow experiments had the same form as
the near-bed flow beneath Stokes second-order waves, i.e.:

u(t) = u1 cos (ωt) + u2 cos (2ωt) (4.1)
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The following equations are used to compute the parameters for regular flows:

root-mean-square orbital velocity: urms =
√

1
2u

2
1 + 1

2u
2
2 (4.2)

orbital diameter: do =

√
2urmsT

π
(4.3)

degree of flow asymmetry: R =
u1 + u2

2u1
(4.4)

maximum orbital velocity: umax = u1 + u2 (4.5)

The irregular flows for the U-series of experiments were based on a JOint
North Sea WAve Project (JONSWAP) spectrum for the wave motion in com-
bination with a second-order wave theory, according to Liu and Dingemans
(1989). Flows for the V-series were based on measured velocity time-series
recorded at the Egmond field site off the Dutch coast during the COAST3D
project (COAST3D, 2001) and at the Noordwijk field site off the Dutch coast
during the SANDPIT project (Van Rijn et al., 2005). In Table 4.2, u1/10 is the
mean of the highest one-tenth peak velocities, u1/3,on is the mean of the highest
one-third positive (’onshore’) velocity peaks, u1/3,off is the mean of the highest
one-third negative (’offshore’) velocities peaks respectively and Tp values are
spectral peak periods. Velocities were measured during the U- and V-series ex-
periments, from which the values of urms, u1/10, u1/3,on, u1/3,off and Tp were
obtained. For the irregular flow experiments, orbital diameter is calculated from
do = 2

√
2arms, with arms the root-mean-square semi-excursion amplitude deter-

mined from the displacement time-series, obtained by numerical integration of
the measured velocity time-series. The degree of flow asymmetry was calculated
from measured velocities in the tunnel using:

R =
u1/3,on

u1/3,on + u1/3,off
(4.6)

Table 4.2 includes three mobility numbers, corresponding to 3 different u
values:

1. ψmax based on u = umax. Values of ψmax are given for the regular flows
only.

2. ψ√
2rms based on u =

√
2urms. For sinusoidal flow (R = 0.5) ψ√

2rms = ψ.

3. ψ1/10. based on u = u1/10 Values of ψ1/10 are given for the irregular flows
only.

Given that the upper limit of ripple regime for oscillatory flow is generally
considered to correspond to ψ ≈ 150 (Nielsen, 1992), Table 4.2 suggests that all
experiments are within the ripple regime based on ψ√

2rms. However, the ψmax

values for the regular flow experiments suggest sheet-flow conditions may prevail
in three cases of asymmetric flow (T6-05, T6-07, T6-10) while a number of other
experiments are close to the upper limit of the ripple regime (T5-05, T5-07,
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Figure 4.4: The Aberdeen oscillatory flow tunnel at the University of Aberdeen.

T5-10). Similarly, the ψ1/10 values for most of the irregular flow experiments
suggest that sheet-flow conditions may prevail at times of high flow velocity
during many of the irregular flow experiments. The question arises whether or
not ripples develop fully in irregular flows that contain instances of high velocity.
This issue will be addressed in Chapter 5.

4.3 Series 2: time-dependent sand transport processes

The objective of the Series 2 experiments was to obtain reliable data of the
detailed, time-dependent flow, concentration and sand flux field over rippled
beds in full-scale regular flow, for a selected number of controlled conditions.
These data will be used to increase the insight into the time-dependent sand
transport processes, and to verify and develop process-based sand transport
models.

A concise description of the new time-dependent measurements is given be-
low. More detailed descriptions can be found in Van der Werf and Doucette
(2005).

4.3.1 Experimental facility

The experiments were performed in the Aberdeen Oscillatory Flow Tunnel
(AOFT). Similar to the LOWT, the AOFT enables a full-scale simulation of
the near-bed oscillatory flow. Figure 4.4 shows a general outline of the AOFT.

The AOFT has an overall length of 16 m with a 10 m long, glass-sided
rectangular test section, 0.75 m high and 0.3 m wide. The test section was
filled with a 0.25 m thick sand bed leaving 0.5 m for the flow. A more detailed
description of the facility can be found in O’Donoghue and Clubb (2001).

4.3.2 Measurement methods

The experiments started from flat bed and the ripples were allowed to develop
over time until they reached an equilibrium condition where ripple height, length
and shape are more or less constant in time. Measurements were then made
of the ripple dimensions, time-dependent velocity field, time-dependent sand
concentrations, time-averaged sand concentrations and net transport rates.
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Figure 4.5: Laser illumination of the suspended sand particles.

Particle image velocimetry

Flow velocities over the ripples were measured using a cross-correlation Parti-
cle Image Velocimetry (PIV) system of Aberdeen University. PIV is a planar
measurement technique wherein a pulsed laser light sheet is used to illuminate a
flow field seeded with tracer particles small enough to accurately follow the flow.
For the present experiments, the flow is illuminated from above using a double
pulse Yag laser with a pulse separation of 2 ms, see Figure 4.5. The positions
of the particles are recorded on a cross-correlation camera with a resolution of
1000 × 1000 pixels mounted outside the tunnel perpendicular to the flow. The
camera and laser are synchronised and the camera grabs a pair of images at a
rate of approximately 13.2 Hz.

The data processing consists of determining the average displacement of
the particles over a small interrogation region in the image. Knowledge of the
time interval between light sheet pulses then permits computation of the flow
velocity. For the present experiments, the cross-correlation analysis between
each image pair was carried out with interrogation areas of 32 × 32 pixels and
an overlap of 16 pixels. The 32 × 32 pixel interrogation area corresponds to a
measurement window of approximately 13 × 13 mm for experiments for which
the view area was 40 × 40 cm, and a measurement window of 7.5 × 7.5 mm for
experiments for which the view area was 23.5 × 23.5 cm. Using an overlap of
interrogation areas in the analysis, the spatial resolution of the resulting velocity
field measurements is 6.4 × 6.4 mm and 3.8 × 3.8 mm for the 40 × 40 cm and
23.5× 23.5 cm viewing areas respectively; the corresponding velocity resolution
is 20 mm s−1 and 12 mm s−1. In the present experiments, the suspended sand
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acts as the seeding agent. Measured velocities are, therefore, velocities of the
suspended material, not of the water. Measured velocities close to the ripple
where the larger sand grains are found may be significantly different from the
water velocities at this level.

Many of the experiments involved asymmetric flow with higher ’onshore’
than ’offshore’ velocities. Because of the asymmetry, the ripples migrate during
the experiment and they can change shape slightly as they migrate. In order
to limit the effects of migration and distortion on phase-averaged results, the
duration of the PIV measurements was limited to approximately 5 flow cycles
in each experiment. Depending on the flow period, this corresponds to between
approximately 200 and 500 image pairs being recorded for each experiment.

Acoustic backscatter system

To measure time-dependent suspended concentration profiles, an Acoustic Back-
scatter System (ABS) of the University of East Anglia was deployed. A pulse
of high frequency sound is transmitted from a directional sound source and the
backscattered signal is gated into range bins and digitalised. As the pulse prop-
agates down towards the bed, the suspended sand backscatters a proportion of
the sound and the bed generally returns a strong echo. The former provides
information on profiles of suspended sand parameters, while the latter provides
the time history of the bed location. The ABS used was a 3-frequency AquaS-
cat unit, operating at 0.98, 2.52 and 4.8 MHz. These three transducers were
aligned across the tunnel (see Figure 4.6). The data are averaged on-line to give
8 Hz backscatter profiles and these have been converted to high-resolution con-
centration profiles. The averaging is required, because of the statistical nature
of the backscattered signal. The system provides concentration profiles with
a 0.005 m vertical spatial resolution from 0.1 to 0.6 m below the transducers
(initially 0.5 m above the flat bed). Calibration was based on concentrations
measured by pump sampling in the re-circulating tank at the University of East
Anglia using the sand from the experiments.

The ABS measured continuously while six entire equilibrium ripples mi-
grated underneath it. The bed level below the ABS was continuously monitored
by an acoustic Sand Ripple Profiler (SRP) with a vertical accuracy of 5 mm.
The ABS concentration measurements are accurate up to approximately a fac-
tor of 2 (Chris Vincent, personal communication) with an uncertainty in the
vertical position of ±5 mm.

Optical concentration meter

Point measurements of the time-dependent concentrations were made with an
OPtical CONncentration meter (OPCON), which can measure concentrations
in the range of 0.1 − 40 g l−1. The measurement method is based on the ex-
tinction of near-infrared radiation by suspended particles applying Beer’s law.
The OPCON consists of a transmitter and a receiver, spaced 30 mm apart and
with dimensions 2.6× 2.6 mm, giving a measuring volume of 2.6× 2.6× 30 mm.
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The orientation of the light beam between transmitter and receiver is horizontal
and perpendicular to the flow. The temporal resolution of the OPCON mea-
surements is 50 Hz. The voltage output of the OPCON is linearly proportional
to the volumetric suspended sand concentration, and the calibration coefficient
depends on the sand type, size and colour. For the present experiments, the
OPCON was calibrated in a stirring vessel with known concentrations for five
different sand mixtures to determine the influence of the grain-size on the cali-
bration coefficient.

Once the ripples reached equilibrium with the flow the OPCON was posi-
tioned at a certain elevation above the ripple crest level. The OPCON measured
continuously while an entire ripple migrated underneath it. The OPCON was
then repositioned to measure at a different elevation above the ripple crest level
and measurements were recorded while a new ripple migrated underneath. The
bed level below the OPCON was continuously monitored with the SRP. OP-
CON measurements were made at five different elevations above the ripple crest
level.

The main (random) error sources in the OPCON measurements are:

• uncertainty in the vertical position of the probes which is estimated to be
±5 mm;

• uncertainty in the relation between median grain-size and calibration con-
stant, 14%;

• uncertainty in the measured vertical profile of the suspended grain-size,
6%.

Therefore, the estimated total (random) error in the measured concentration is
20%, and the uncertainty in vertical position ±5 mm. This estimation does not
include uncertainties associated with the ripple size and shape.

Figure 4.6 shows where the ABS, OPCON and SRP were mounted on the
AOFT. The SRP was located in the middle of the test section. The ABS
transducers were mounted 0.4 m left (’offshore’) of the SRP and the OPCON
0.4 m right (’onshore’) of the SRP.

Transverse suction system

TSS was used to measure time-averaged concentration profiles of suspended
sand. The system consists of 6− 8 separate horizontal intake nozzles, each with
an inner diameter of 3 mm. The nozzles were mounted at the same elevation
in a line covering the full ripple length and spaced 35 or 70 mm apart. The
duration of suction sampling was 200 s, which corresponds to 40 flow cycles.
The sucked sand-water mixture was taken from the bottles for further investi-
gation to determine the concentration by drying and weighing the sample and
to determine the particle size distribution by sieve analysis. The calibration of
the TSS is described in Section 4.2.2.

Once equilibrium ripples were established, the suction samplers were posi-
tioned at selected horizontal and vertical locations above the ripple. The height



68 Chapter 4. Experiments

Figure 4.6: Top view (upper panel) and side-view (lower panel) of the middle section
of the Aberdeen oscillatory flow tunnel with a length of about 3 m. Here the acoustic
backscatter system (1), the sand ripple profiler (2) and the optical concentration meter
(3) are mounted. Left is the ’offshore’ direction and right is the ’onshore’ direction.
Picture taken from Van Leeuwen (2004).

of each sampler relative to the ripple surface was measured by lowering the
sampler to the bed and lifting it back to the measurement position (in still
water). Five litres of water-sand mixture were extracted from the flow for the
concentration measurement. If the ripple migrated more than 2 cm during the
measurement, the suction samplers were horizontally repositioned to account
for ripple migration. TSS measurements were made at five different elevations
above the ripple crest level.

Ripple geometry and net sand transport rates

Ripple geometry was measured using a Laser Displacement Sensor (LDS) moun-
ted on a positioning carriage. LDS made point measurements of bed elevation
with a 50 µm resolution in the vertical direction. The laser displacement system
was used to measure the morphology in 6 parallel profiles, spaced at 40 mm
intervals, along the length of the tunnel. Spot heights were measured every
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Figure 4.7: Grading curve for the sand used in the Series 2 experiments.

Table 4.3: Experimental conditions of the new measurements of time-dependent sand
transport processes over rippled beds in the AOFT. Key for flow type: RA = regular
asymmetric.

Exp. D50 Flow T do R urms umax ψ√
2rms ψmax

(mm) type (s) (m) (m s−1) (m s−1)

Mr5a 0.44 RA 5.0 0.51 0.59 0.23 0.37 14 19
Mr5b 0.44 RA 5.0 0.86 0.58 0.38 0.62 41 54
Mr5c 0.44 RA 5.0 1.05 0.59 0.47 0.77 62 84

5 mm along each profile. The net sand transport rates were then derived using
a mass conservation technique, see Section 4.2.2.

4.3.3 Experimental conditions

The sand used for the experiments was well-sorted with D10, D50 and D90

0.25 mm, 0.44 mm and 0.66 mm respectively. The grading curve is shown in
Figure 4.7.

Table 4.3 shows the conditions of the three regular flow experiments for
which the velocity, concentration and net transport rate measurements were
carried out. This is a set of experiments where the mobility and ripple size
vary considerably. The velocity function for the regular flow experiments had
the same form as the near-bed flow beneath Stokes second-order waves, see
Eq. (4.1).
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4.4 Summary

Available full-scale laboratory experiments into sand transport processes over
rippled beds in oscillatory flow have been examined. With full-scale we mean rel-
atively long oscillation periods, T > 5 s, and relatively large mobility numbers,
ψ > 50. The number of data sets on ripple geometry and time-averaged concen-
tration profiles under regular and irregular flows is rather large. However, there
is a lack of net transport, time-dependent velocity and time-dependent con-
centration measurements above mobile rippled beds. To fill this experimental
gap, two types of new experiments were carried out in two large-scale facilities:
the large oscillating water tunnel at WL|Delft Hydraulics and the Aberdeen
oscillatory flow tunnel.

Series 1 was focussed on time-averaged transport processes. The ripple ge-
ometry, time-averaged concentration profiles and net transport rates were mea-
sured under 10 different regular asymmetric flows and five different irregular
(mainly) asymmetric flows covering a wide range of conditions with D50 = 0.22
and 0.35 mm, T, Tp = 5.0 − 10.2 and ψ√

2rms = 32 − 127.
Series 2 was focussed on time-dependent transport processes. These exper-

iments involved very detailed measurements of: i) concentrations using suction
sampling, an acoustic backscatter system and an optical concentration meter,
ii) velocities using cross-correlation particle image velocimetry, iii) bed morphol-
ogy using an acoustic sand ripple profiler and a laser displacement sensor, and
iv) net transport rates. These measurements were carried out for three differ-
ent regular flow experiments, which constitute a set of experiments where the
mobility and ripple size vary considerably.

Especially the new net transport and the combined time-dependent velocity
and concentration measurements potentially constitute a unique data set on
the sand transport processes over full-scale mobile ripples in oscillatory flow.
This data set will be used in the next chapters to increase our insight into the
sand transport over rippled beds in oscillatory flow and to validate and develop
mathematical models for these conditions.



Chapter 5

Wave-induced ripples?

Abstract: New data have been combined with existing data to make a large data

set of equilibrium ripple dimensions for oscillatory flows with field-scale amplitudes and

periods. Ripple dimensions predicted by the formula of Wiberg and Harris (1994) are in

poor agreement with this combined data set. Predictions with the formulas of Nielsen

(1981) and Mogridge et al. (1994) are in better agreement with the measurements,

but these methods do no take good account of the effect of flow irregularity and

ripple three-dimensionality. New equations are proposed to predict ripple dimensions

as a function of the mobility number based on the highest velocities in a oscillatory

flow time-series. The proposed new equations are a better fit to the data from the

full-scale experiments and take better account of flow irregularity and ripple three-

dimensionality than the existing prediction methods.

5.1 Introduction

Ripples strongly influence the boundary layer structure and turbulence inten-
sity near the bed and have a great influence on the sand transport. Therefore,
numerous studies have investigated the relation between flow parameters, grain-
size and ripple geometry in laboratory and field settings, (e.g Sato, 1987; Faraci,
2001; O’Donoghue and Clubb, 2001) and empirical formulas to predict ripple di-
mensions have been developed (e.g. Nielsen, 1981; Mogridge et al., 1994; Wiberg
and Harris, 1994).

However, this knowledge on ripple dimensions is largely based on laboratory
experiments with short flow periods (T < 5 s) and low mobility numbers num-
bers (ψ < 50). Furthermore, the effect of flow irregularity on the ripples has
not been properly studied, despite its importance for practical applications.

The new data on ripple dimensions obtained during the new experiments,
as described in Chapter 4, are combined with data from previous studies to
make a large data set of equilibrium ripple dimensions for oscillatory flows with
field-scale amplitudes and periods. The combined data set is used to test and
improve existing methods for predicting ripple dimensions.

Section 5.2 summarises the test conditions, ripple dimensions and bed types
from the present and previous full-scale laboratory experiments. In the next two

?Parts of this chapter have, in slightly different form, been submitted to Coastal Eng. by
T. O’Donoghue, J.S. Doucette, J.J. van der Werf and J.S. Ribberink entitled ’The dimensions
of sand ripples in full-scale oscillatory flows’.
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Table 5.1: Measured bed type, ripple height η, ripple length λ, ripple steepness η/λ,
reference concentration c0, concentration decay length Rc and net sand transport rate
〈qs〉 for the new experiments. Key for oscillatory flow type: RA = regular asymmetric;
IS = irregular symmetric; IA = irregular asymmetric.

Exp. Flow Bed η λ η/λ c0 Rc 〈qs〉
type type (mm) (mm) (g l−1) (mm) (10−6 m2 s−1)

T4-05 RA 2D 58 436 0.133 5.89 64 -28.8
T5-05 RA 2D 51 463 0.110 12.20 58 -36.3
T6-05 RA BM · · · · · · · · · · · · · · · · · ·
T3-07 RA 2D 25 269 0.093 2.52 27 -0.4
T4-07 RA 2D 86 617 0.139 5.28 103 -17.7
T5-07 RA 2D 101 751 0.134 5.11 172 -34.9
T6-07 RA BM · · · · · · · · · · · · · · · · · ·
T4-10 RA 2D 102 758 0.135 3.35 133 -11.6
T5-10 RA 2D 122 942 0.130 4.25 197 -38.5
T6-10 RA 2D 139 1107 0.126 · · · · · · -41.7

U36 IA BM · · · · · · · · · · · · · · · · · ·
U44 IA BM · · · · · · · · · · · · · · · · · ·

V25 IS 3D 19 969 0.020 6.21 14 -0.2
V34 IS 3D 34 886 0.038 3.51 24 · · ·
V38 IA BM/FB · · · · · · · · · · · · · · · · · ·

Mr5a RA 2D 39 238 0.164 0.22 29 0.43
Mr5b RA 2D 76 408 0.186 2.12 67 -3.69
Mr5c RA 2D 81 487 0.166 3.14 72 -14.0

sections existing ripple predictors are discussed and compared to the combined
data set. In Section 5.5 new equations to predict ripple dimensions are proposed.
The conclusions are presented in the final section.

5.2 Experimental data

5.2.1 New data

The ripple type and ripple dimension data from the new experiments are pre-
sented in Table 5.1. This table also includes the time- and bed-averaged con-
centration at the ripple crest level c0, the concentration decay length Rc (both
derived from the concentration profile measurements), and the measured net
sand transport rate 〈qs〉. These will be discussed in Chapters 7, 8 and 9.

The table indicates the type of bed that occurred in each experiment ac-
cording to the classification of O’Donoghue et al. (submitted):

• Two-dimensional ripples (’2D’). Ripples with crests extending across the
full tunnel width and with ripple height and length reasonably uniform
along the test section.
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Table 5.2: Sources of full-scale laboratory experimental data. L78 denotes Lofquist
(1978); RA94 Ribberink and Al-Salem (1994); OC01 O’Donoghue and Clubb (2001);
T02 Thorne et al. (2002); ODsub O’Donoghue et al. (submitted). Key for oscilla-
tory flow type: RS = regular symmetric; RA = regular asymmetric; IS = irregular
symmetric; IA = irregular asymmetric.

Ref. Facility D50 No. of experiments T, Tp ψ√
2rms ψmax,

(mm) RS RA IS IA (s) ψ1/10

New LOWT 0.22 · · · · · · 2 · · · 10.2 35-81 119-184
0.35 · · · 8 · · · · · · 5.0-10.0 31-127 48-187

New AOFT 0.44 · · · 3 · · · · · · 5.0 14-62 19-84

L78? tunnel 0.18 18 · · · · · · · · · 2.6-8.3 10-25 10-25
0.21
0.55

RA94 LOWT 0.21 14 · · · · · · · · · 2.0-10.0 26-106 26-106
0.21 · · · · · · · · · 4 5.0-9.1 24-37 83-129

OC01 AOFT 0.18 16 16 · · · · · · 2.0-15.0 15-173 15-173
0.26
0.34
0.44

T02 Delta 0.33 10 · · · 4 · · · 4.0-6.0 12-82 12-82
flume

ODsub AOFT 0.22 · · · 5 · · · 2 3.1-12.5 41-90 61-175
0.44 · · · 5 · · · 5 3.1-12.5 20-54 31-179

Total 58 37 6 11

?Subset only: using 18 experiments starting from flat bed that resulted in 2D ripples; dimen-

sions of 3D ripples were not measured.

• Three-dimensional ripples (’3D’). Short-crested and irregular ripples with
greater variability in height and length compared with the 2D ripples.

• Bi-modal bed (’BM’). Large bedforms with ripples superimposed.

• Flat bed/sheet-flow (’FB’).

For cases where ripples occurred, the table presents the measured ripple height
η, ripple length λ, and ripple steepness η/λ.

5.2.2 Existing data

The test conditions and bed types from the present experiments are summarised
in the first three rows of Table 5.2. The table also includes summaries of previous
full-scale laboratory experiments on ripple dimensions in oscillatory flows, data
which are used in this chapter.

Table 5.2 shows the number of experiments involving each of four oscillatory
flow types - regular symmetric (RS), regular asymmetric (RA), irregular sym-
metric (IS), irregular asymmetric (IA) - and the mobility number ψ√

2rms based

on u =
√

2urms, the mobility number ψmax based on u = umax (for regular flows
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Figure 5.1: Ripple dimensions from the combined data set.

only) and the mobility number ψ1/10 based on u = u1/10 (for irregular flows
only).

O’Donoghue et al. (submitted) identified three bed regimes: i) the ripple
regime corresponding to ψmax, ψ1/10 < 190, ii) a transition regime corresponding
to 190 < ψmax, ψ1/10 < 300, and iii) the flat bed/sheet-flow regime correspond-
ing to ψmax, ψ1/10 > 300. Table 5.2 only contains experiments corresponding to
the ripple regime, i.e. ψmax, ψ1/10 < 190.

5.2.3 Ripple dimensions

The combination of data from the new experiments with data from the previous
studies makes a large data set of ripple dimensions for oscillatory flows with
field-scale amplitudes and periods. The measured ripple heights, η, and ripple
lengths, λ, from the combined data set are presented in Figure 5.1, with η and
λ normalised by flow orbital amplitude, a, and plotted against mobility number
based on u =

√
2urms. The orbital amplitude is a = (Turms)/(

√
2π) for the

regular flow cases and is taken to be a = (Tpurms)/(
√

2π) for the irregular flow
cases. Four types of data are distinguished in Figure 5.1: 2D ripples produced
by regular flows, 2D ripples produced by irregular flows, 3D ripples produced
by regular flows, and 3D ripples produced by irregular flows.
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The data in Figure 5.1 show significant scatter. Given that for the same
mobility number the flow may be symmetric or asymmetric, regular or irreg-
ular and that the ripples may be 2D or 3D, then some of the scatter may be
systematically related to one or more of these variations in the flow and bed
characteristics. This is examined in the following sections by isolating subsets
of the ripple dimension data and by comparing these with ripple prediction
schemes, which are discussed in the next section.

5.3 Ripple predictors

5.3.1 Nielsen (1981)

Nielsen (1981) developed two sets of empirical relationships for ripple length,
ripple height and ripple steepness on the basis of extensive laboratory data and
some field data: one for laboratory data (regular waves) and the other for field
data (irregular waves). For laboratory conditions the expressions read:

λ

a
= 2.2 − 0.345ψ0.34 (2 < ψ < 232) (5.1)

η

a
= 0.275 − 0.022ψ0.5 (ψ < 156) (5.2)

η

λ
= 0.182 − 0.24θ′1.5 (θ′ < 0.83) (5.3)

and for field conditions:

λ

a
= exp

(

693 − 0.37 ln8 ψ

1000 + 0.75 ln7 ψ

)

(5.4)

η

a
= 21ψ−1.85 (ψ > 10) (5.5)

η

λ
= 0.342 − 0.34

4
√
θ′ (5.6)

5.3.2 Mogridge et al. (1994)

On the basis of an extensive set of laboratory and field data, Mogridge et al.
(1994) describe a set of curves of the normalised ripple dimensions, η/D50 and
λ/D50, as a function of the relative orbital diameter do/D50 for specified values
of the wave period parameter χ defined by:

χ =
D50

∆gT 2
(5.7)

This set of curves is reduced to one curve for the ripple height, where the
ripple height normalised by the maximum ripple height, η/ηmax, is a function
of the orbital diameter normalised by the orbital diameter corresponding to the
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maximum ripple height, do/do,ηmax
. These are calculated using:

log10

(

ηmax

D50

)

= 8.542 − 10.822χ0.03967 (5.8)

do,ηmax

D50
= 8.564

(

ηmax

D50

)1.05

(5.9)

A similar procedure applies for the ripple length. The maximum ripple length
and the corresponding orbital diameter are determined according:

log10

(

λmax

D50

)

= 13.373 − 13.722χ0.02054 (5.10)

do,λmax

D50
=

1

1.07χ0.05

(

λmax

D50

)

(5.11)

5.3.3 Wiberg and Harris (1994)

Wiberg and Harris (1994) developed for each ripple type (orbital, suborbital,
and anorbital) empirical relationships to predict ripple length, ripple height
and ripple steepness using laboratory and field data. First, the anorbital ripple
length and height are determined with:

λa = 535D50 (5.12)

ηa
λa

= exp

[

−0.095

(

ln
do

ηa

)2

+ 0.442 ln
do

ηa
− 2.28

]

(5.13)

Then the ripple type is determined: orbital ripples for do/ηa < 20, suborbital
ripples for 20 < do/ηa < 100, and anorbital ripples for do/ηa >100. For orbital
ripples the expressions read:

λo = 0.62do (5.14)
ηo
λo

= 0.17 (5.15)

and in case of suborbital ripples:

λs = exp

[(

ln (do/ηa) − ln 100

ln 20 − ln 100

)

(lnλo − lnλa) + lnλa

]

(5.16)

with the suborbital ripple height and steepness computed using Eq. (5.13) and
Eq. (5.16).

5.3.4 Discussion ripple predictors

The ripple predictors are based on a large data set of ripple dimensions from
field and laboratory experiments, and there is a large overlap between the data
sets used. For field conditions (irregular flows), orbital diameter do and mobility
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number ψ are calculated using the spectral peak period Tp and the significant
wave height Hs. The significant wave height is the mean of the highest 1/3 of
the wave height spectrum and may be estimated by Hs =

√
2Hrms for a wide

spectrum. The data sets do not contain laboratory measurements of ripple
dimensions in irregular flows. Furthermore, there is a distinct lack of data from
controlled laboratory experiments with field-scale flows, especially long flow
periods and high mobility numbers.

The predictive formulae make no distinction between 2D and 3D ripples and
only Nielsen has separate formulae for regular flows and irregular waves. An
important result from a comparison of the methods by O’Donoghue and Clubb
(2001) is that, while there is good agreement between the methods for small-
scale, short-period flows, such as occur in laboratory wave flumes, there are
substantial differences between the methods for field-scale, long-period flows.

5.4 Assessment of ripple predictors

5.4.1 2D ripples in regular oscillatory flows

First, we compare the dimensions of 2D ripples generated by regular symmetric
and regular asymmetric oscillatory flows with the three prediction methods.
These data comprise the largest subset from the combined data summarised in
Table 5.2.

Figures 5.2 and 5.3 present the comparison of measured and predicted ripple
dimensions using the three methods. Figure 5.2 presents the comparisons for
ripple height, η, and Figure 5.3 presents the comparisons for ripple length, λ.
The graphs in the top panels of Figure 5.2 and Figure 5.3 show the comparisons
between the measured and predicted dimensions while the bottom panels show
the comparisons as a function of the mobility number, ψ√

2rms. In each of the
top panel graphs the solid line is the line of perfect agreement and the broken
lines indicate the ±25% band.

Figures 5.2 and 5.3 show that the Wiberg and Harris method predicts ripple
dimensions that are in poor agreement with the measurements, particularly
for conditions of high mobility and large ripples. The Nielsen and Mogridge
predictions are much better, especially in the case of ripple length where 73%
of the Mogridge-predicted and 58% of the Nielsen-predicted ripple lengths are
within 25% of the measured values. For ripple height, 50% of the Mogridge-
predicted and 54% of the Nielsen-predicted ripple heights are within 25% of
the measured heights. It is notable that the biggest differences between the
measurements and the Nielsen predictions occur at high mobility numbers where
Nielsen predicts a too rapid fall-off in ripple dimensions.

Different symbols are used in Figures 5.2 and 5.3 to distinguish the symmet-
ric and asymmetric flow cases in order to check for any systematic dependency
of the ripple dimensions on flow asymmetry. Apart from a few isolated points,
the results for the asymmetric flows are not separated from the symmetric flow
results, indicating that flow asymmetry does not have a significant influence on
the ripple dimensions and on the performance of the prediction methods. This
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Figure 5.2: Comparison of measured and predicted ripple heights for 2D ripples
produced in regular oscillatory flow conditions. Open circles: symmetric flow; closed
circles: asymmetric flow. The solid line denotes perfect agreement, the dashed lines
±25% difference.
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Figure 5.3: Comparison of measured and predicted ripple lengths for 2D ripples
produced in regular oscillatory flow conditions. Open circles: symmetric flow; closed
circles: asymmetric flow. The solid line denotes perfect agreement, the dashed lines
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should not be surprising because, although maximum and minimum velocities
for given urms vary with flow asymmetry, flow orbital diameter, do, which is
the main parameter determining ripple dimensions, is independent of the flow
asymmetry.

The results presented in this section are in agreement with those of O’Dono-
ghue and Clubb (2001) who carried out similar comparisons based only on their
tunnel experiments with regular oscillatory flow and mostly with 0.34 mm sand.
The present comparisons involve a much larger data set than O’Donoghue and
Clubb’s, since data from a number of different experimental facilities are in-
cluded and a much wider range of flow and sand conditions is covered.

5.4.2 2D ripples in irregular oscillatory flows

Figure 5.4 and 5.5 show a comparison between the measured and predicted
dimensions of 2D ripples in regular and irregular oscillatory flows. 2D ripples
were measured in 4 different irregular symmetric flows and in 6 different irregular
asymmetric flows. This data set is too small to examine the effect of flow
asymmetry for irregular flows, but gives some insight into the effect of flow
irregularity on the ripple dimensions. For irregular flows, the orbital excursion
amplitude and mobility number were calculated with:

u1/3 =
u1/3,on + u1/3,off

2
(5.17)

a = 1
2do =

u1/3Tp

2π
(5.18)

ψ1/3 =
u2

1/3

∆gD50
(5.19)

where u1/3,on is the mean of the highest one-third positive (’onshore’) velocity
peaks and u1/3,off is the mean of the highest one-third negative (’offshore’)
velocities peaks respectively (measured values). In these figures Nielsen’s (1981)
formulae for ripples under irregular waves, Eqs. (5.4)-(5.6), have been used to
calculate the ripple dimensions for the irregular flow cases.

Figure 5.4 and 5.5 show that the agreement between data and models is worse
for irregular flows. Especially, the Nielsen predictor shows poor agreement with
the dimensions of 2D ripples in irregular flows. The Nielsen’s formulae for ripples
under irregular waves predict ripples of very small height and length compared to
regular flow ripples with the same mobility number and flow orbital amplitude.
As for regular flows, the biggest differences between the measurements and the
Nielsen predictions occur at high mobility number where Nielsen predicts a rapid
fall-off in ripple dimensions. The Mogrigdge method shows better agreement
with the ripples in irregular flows, especially for the ripple length.

Different symbols are used in Figures 5.4 and 5.5 to distinguish the regular
and irregular flow cases in order to check for any systematic dependency of the
ripple dimensions on flow irregularity. It appears that flow irregularity can have
a significant influence on the ripple dimensions and on the performance of the
prediction methods. This will be looked at in more detail in Section 5.5.
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Figure 5.4: Comparison of measured and predicted ripple heights for 2D ripples
produced in regular oscillatory flow (open circles) and irregular oscillatory flow (closed
circles) conditions. The solid line denotes perfect agreement, the dashed lines ±25%
difference.
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5.4.3 3D ripples

The dimensions of 3D ripples were measured in 23 experiments altogether from
the combined data set, 16 involving regular oscillatory flow (11 from Ribberink
and Al-Salem Series A experiments and 5 experiments of O’Donoghue et al.
listed in Table 5.2) and 7 involving irregular oscillatory flow (3 from Ribberink
and Al-Salem Series B experiments, 2 experiments of O’Donoghue et al. and 2
of the new experimental series). The set of measured 3D ripple dimensions is
not large but it provides some basis for comparing 2D and 3D ripple dimensions.

Ribberink and Al-Salem measured the ripples by hand through the glass side
windows of the test section, and the average height and length were determined.
O’Donoghue et al. made bed level measurements in 6 parallel profiles along the
test section. Average height and length were calculated for each profile and then
these averages were averaged to get overall representative height and length. In
the new LOWT experiments, the bed level along the test section was measured
for the central 20 cm of the tunnel width, and the average height and length were
determined. These different measuring techniques affect, to a certain degree, the
measured dimensions of 3D ripples.

The measured 3D ripple dimensions are plotted against the corresponding
predicted dimensions in Figure 5.6, using the same three ripple predictors as
before. Nielsen’s (1981) formulae for ripples under irregular waves have been
used to calculate the ripple dimensions for the irregular flow cases, and the
orbital excursion amplitude and mobility number for irregular flows have been
computed using Eqs. (5.17)-(5.19). The results for ripples produced by regular
and irregular flows are distinguished from each other in Figure 5.6.

As before, the Wiberg and Harris method predicts ripple dimensions that are
in poor agreement with the measurements. The Nielsen and Mogridge methods
do better, at least for the regular flow cases, but overall agreement with the
measurements is still poor. There is significant scatter in the data, especially in
the irregular flow data, which makes it difficult to pick out systematic trends.
Nevertheless, comparisons with Figures 5.2 and 5.3 indicate that the heights and
lengths of 3D ripples tend to be less than the heights and lengths of 2D ripples.
This can also be observed in Figure 5.1, which shows the ripple dimensions from
the combined data set with a distinction between 2D and 3D ripples.

5.5 New ripple predictor

The following analysis, including the derivation of new ripple predictor equa-
tions, follows that contained in O’Donoghue et al. (submitted).

Existing formulae for ripple dimensions are mainly based on laboratory ex-
periments with low amplitude, short period, regular oscillatory flows and/or
data from field studies where measurements can be difficult and there is uncer-
tainty about the equilibrium between the ripples and the prevailing flow. The
combined data described here makes a relatively large data set of ripples in
controlled, field-scale flows that can be used to assess and improve predictive
formulae. Systematic differences have already been observed between the data
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Figure 5.6: Comparison of measured and predicted ripple dimensions for 3D ripples
in regular oscillatory flows (open circles) and irregular oscillatory flows (closed circles).
The solid line denotes perfect agreement, the dashed lines ±25% difference.

and existing prediction methods. In the following we propose new formulae for
ripple dimensions, which give better agreement with the combined data.

Our approach is based on the results from the analyses by O’Donoghue
et al. (submitted), who showed that the dimensions of ripples (normalised by
flow orbital diameter) formed by regular and irregular oscillatory flows follow a
similar functional dependence on mobility number, ψ, when we use ψ = ψmax

for regular flow and ψ = ψ1/10 for irregular flow. Furthermore, we have to take
into account that 3D ripples tend to be smaller than 2D ripples. However, there
is substantial scatter in the measured 3D data, especially in the case of irregular
flow. Based on these results, the approach adopted is, firstly, to combine the
regular and irregular 2D ripple data in order to establish empirical formulae for
the dimensions of 2D ripples and, subsequently, to propose adjustments to these
2D formulae for application to 3D ripples.

A least squares curve fit of a Nielsen-type formula to the 2D ripple height
data from regular and irregular oscillatory flow experiments with ψmax, ψ1/10 <
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190 is:

η

a

∣

∣

∣

2D
= 0.41 − 0.12ψ0.19 (5.20)

where for regular flow a = Turms/
(√

2π
)

and ψ = ψmax and for irregular

flow a = Tpurms/
(√

2π
)

and ψ = ψ1/10. Although flat bed/sheet-flow oc-
curs at ψmax, ψ1/10 = 300, the fit was not constrained to give η/a|2D = 0 at
ψmax, ψ1/10 = 300; such a constraint gives a worse fit to the data than Eq. (5.20).
The solid line in Figure 5.7a corresponds to Eq. (5.20) and the broken lines above
and below correspond to Eq. (5.20) multiplied by 0.5 and 1.5. Eq. (5.20) fits
the data well: the correlation coefficient has a value of 0.82 and 81% of the data
are contained within the ±25% band.

Figure 5.7a also shows the results for the heights of 3D ripples in regular and
irregular oscillatory flows. The scatter observed earlier in the case of 3D ripples
is seen again here and it is again clear that the 3D ripples are systematically
smaller in height than the 2D ripples. Because of the scatter and the lack of
data, a simple multiplier, mη, is applied to Eq. (5.20) to estimate 3D ripple
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height. Here we estimate mη from a least squares fit of the 3D ripple height
data to the function η/a|3D = mη · η/a|2D. This gives mη = 0.55, and so:

η

a

∣

∣

∣

3D

∼= 0.55
η

a

∣

∣

∣

2D
(5.21)

Eq. (5.21) captures the 3D ripple height data reasonably well: 83% of measured
η/a lie within the ±50% band.

A similar analysis has been carried out for the ripple length. A least squares
curve fit to the combined regular and irregular oscillatory flow ripple length
data for 2D ripples is:

λ

a

∣

∣

∣

∣

2D

= 1.83 − 0.32ψ0.25 (5.22)

The solid line in Figure 5.7(b) represents Eq. (5.22) and the 50% lines are also
shown. The fit is good with a correlation coefficient of 0.82 and 79% of the data
are contained within the ±25% band of Eq. (5.22).

The multiplier, mλ, is applied to Eq. (5.22) to estimate 3D ripple length.
mλ is estimated using a least squares fit of the 3D ripple length data to the
function λ/a|3D = mλ · λ/a|2D. This gives mλ = 0.79, and so:
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∣

2D

(5.23)

The fit is not really good here: only 65% of the data are within the ±50% band,
but a clear correlation can still be observed.

It is stressed that the range of applicability of the above empirical equa-
tions is 10 ≤ ψmax, ψ1/10 ≤ 190. Although ripples can occur in the transition
regime where ψmax, ψ1/10 > 190, the dimensions of these ripples are difficult to
predict. Ripples (and other bedforms) in this high mobility transition regime
appear to be sensitive to details in the experimental conditions - flow asymme-
try, flow irregularity, spectral properties, sand grading, experimental set-up. In
this regard, it is noted that the degree of scatter in results in Figure 5.7 tends
to increase as the transition regime is approached and the sensitivity to the
detailed conditions starts to take effect.

Figure 5.8 shows the comparison between the measured ripple dimensions
and ripple dimensions predicted by the formulas Nielsen and Mogridge et al.
and by the new formulas Eqs. (5.20)-(5.23). The solid line in each graph in
Figure 5.8 is the line of perfect agreement and the broken lines indicate the
±50% band. Nielsen’s irregular wave ripple geometry formulae have been used
for the Nielsen predictions in the irregular flow cases, the same formulae are used
for the Mogridge predictions for regular and irregular flows, and the irregular
flows ripple predictions by both methods are based on the significant orbital
velocity and spectral peak period, see Eqs. (5.17)-(5.19). Neither Mogridge
et al. nor Nielsen make any distinction between 2D and 3D ripples.

Comparing the Mogridge and the new predictor, we see reduced scatter
overall in the case of the new predictor. The biggest difference lies with the 3D
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Figure 5.8: Comparison of measured and calculated ripple lengths. Open circles:
2D ripples in regular oscillatory flows; closed circles: 3D ripples in regular oscillatory
flows; open triangles: 2D ripples in irregular oscillatory flows; closed triangles: 3D
ripples in irregular oscillatory flows. The solid line denotes perfect agreement, the
dashed lines ±50% difference.

ripples, which are substantially overpredicted by the Mogridge predictor. Com-
paring the Nielsen and the new predictor, we see substantially better agreement
between the calculated and measured dimensions in the case of the new equa-
tions, especially with respect to ripple height. There are three main reasons for
this. Firstly, Nielsen predicts a very rapid fall-off in ripple height towards the
top of the ripple regime that is not well supported by the present data. This
leads to a substantial underestimation of ripple height in cases of high mobility.
Secondly, Nielsen’s formulae for ripples under irregular waves predict ripples of
very small height and length compared to regular flow ripples with the same
mobility number and flow orbital amplitude. It is concluded that flow irregular-
ity does not lead to ripples that are very much smaller than ripples produced by
regular flows (except at high mobility) and, therefore, the size of the irregular
flow ripples are generally underestimated by Nielsen. This means that factors
other than flow irregularity were responsible for the small field ripples used by
Nielsen to produce his irregular wave formulae, a conclusion also reached by
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Faraci and Foti (2002). Thirdly, like Mogridge et al., Nielsen does not distin-
guish between 2D and 3D ripples, so that Nielsen tends to overestimate the
dimensions of the 3D ripples.

The new prediction scheme requires a criterion for the occurrence of 2D
and 3D ripples. O’Donoghue et al. (submitted) conclude that, for full-scale
conditions (i.e. large do), sand size is the primary factor determining whether
equilibrium ripples will be 2D or 3D, with 3D ripples occurring when the sand
is fine and 2D ripples occurring when the sand is coarse. Due to a gap in the
full-scale laboratory data between D50 = 0.22 mm and D50 = 0.33 mm where
the transition from the 3D-dominated fine sand regime to the 2D-dominated
coarse sand regime occurs, it is difficult to establish a definite criterion for the
occurrence of 2D or 3D ripples. However, according to O’Donoghue et al. a
possible working rule is that 2D ripples will occur in field-scale oscillatory flows
when the D50 is greater than 0.30 mm, while 3D ripples will occur when the D50

is less than 0.22 mm. Which type of ripple occurs in between the 0.22 mm and
0.30 mm limits is likely to depend on flow orbital diameter and sand grading
as well as on the D50. Further investigation is required to establish a definite
criterion for the occurrence of 2D and 3D ripples, especially for grain-sizes in
the range of 0.22 to 0.33 mm.

5.6 Conclusions

This chapter has focused on ripple dimensions and the new data have been
combined with existing data to make a large data set of equilibrium ripple
dimensions for oscillatory flows with field-scale amplitudes and periods. The
combined data set has been used to test and improve methods for predicting
ripple dimensions for field-scale flows.

Ripple dimensions predicted with the formula of Wiberg and Harris (1994)
are in poor agreement with measured ripple dimensions from the full-scale ex-
periments. Predictions based on Nielsen (1981) and Mogridge et al. (1994) are in
better agreement with the measurements, especially the ripple length. However,
both methods overpredict the dimensions of 3D ripples, Nielsen underpredicts
ripple height at high mobility (within the ripple regime) and Nielsen’s formulae
for ripples under irregular waves substantially underestimates ripple dimensions
measured in irregular oscillatory flows.

New equations are therefore proposed for the heights and lengths of 2D
ripples, based on the best fit of Nielsen-type equations to the combined full-scale
data. The same equations are proposed for 2D ripples produced by regular and
irregular oscillatory flows, but with ψmax used for mobility number in the case
of regular flow and ψ1/10 used for mobility number in the case of irregular flow.
The new equations fit the data well for 10 ≤ ψmax, ψ1/10 ≤ 190.

Ripple dimension data for 3D equilibrium ripples in full-scale oscillatory
flows are relatively rare and the available data show wide scatter, especially at
high mobility. Analysis indicates that 3D ripples are generally smaller than 2D
ripples and estimates of the height and length of 3D ripples are obtained by
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multiplying the height and length of the corresponding 2D ripples (same flow
orbital amplitude and mobility number) by 0.55 and 0.79 respectively.

A possible working rule for the occurrence of 2D and 3D ripples is that 2D
ripples will occur in field-scale oscillatory flows when the D50 is greater than
0.30 mm, while 3D ripples will occur when the D50 is less than 0.22 mm. Which
type of ripple occurs in between the 0.22 mm and 0.30 mm limits is likely to
depend on flow orbital diameter, sand grading as well as on the D50. Further
investigation is recommended to establish a definite criterion for the occurrence
of 2D and 3D ripples.

The proposed new equations are a better fit to the data from the full-
scale experiments and take better account of flow irregularity and ripple three-
dimensionality than the existing prediction methods. The validity of the new
equations is limited to the following parameter ranges: maximum mobility
number ψmax,1/10 = 12 − 190, flow Reynolds number (based on u =

√
2urms)

Re = ua/ν = 1.9 · 104 − 1.5 · 106 and median grain-size D50 = 0.21 − 0.44 mm.



90 Chapter 5. Wave-induced ripples



Chapter 6

Oscillatory flow over rippled beds

Abstract: In this chapter new particle image velocimetry measurements of the ve-

locity field above rippled beds in regular asymmetric flows are presented and analysed.

The new data distinguish themselves from previous work of this kind in that the full

time-dependent velocity field was captured above full-scale, mobile ripples. The ve-

locity field is dominated by the generation and ejection of vortices on the ripple flanks

around flow reversal. Vortex formation results in near-ripple flow reversals ahead of

free-stream reversals, and velocity peaks near the ripple crest that are much larger

than in the free-stream. Flow asymmetry and the consequent asymmetry in vortex

formation produces steady circulation cells with dominant offshore mean flow (against

flow asymmetry) up the ripple lee slope and in a layer with a thickness of 1−1.5 ripple

heights above the ripple crest level on the stoss side of the ripple. This offshore mean

flow is balanced by weaker onshore streaming up the ripple stoss slope and higher

up in the flow. The time- and bed-averaged horizontal velocity profile comprises an

offshore near-bed streaming, a level of zero drift at z/η = 1.2 − 2.2, and an onshore

drift higher up in the flow.

6.1 Introduction

The knowledge on sand transport processes over rippled beds in oscillatory
flows and the development of process-based models for the prediction of these
processes relies on the availability of detailed measurements of velocities and
concentrations from controlled laboratory experiments.

Many experiments have been conducted in the past but these were generally
limited either by the capability of the available instrumentation for velocity and
concentration measurement or by the experimental scaling or set-up.

For example, many experiments have been carried out to measure veloc-
ities over fixed rippled beds. In some cases (e.g. Sato, 1987; Doering and
Baryla, 2002) the velocities were measured using a Laser Doppler Anemometer
(LDA) or an Acoustic Doppler Velocity meter (ADV), which provide veloc-
ity measurements at selected points only. In other cases (e.g. Earnshaw and
Greated, 1998; Marin, 2004) the full flow-field was measured using Particle Im-
age Velocimetry (PIV).

Detailed velocity measurements over mobile ripples are rare and only Ahmed
and Sato (2001) have measured the full flow-field over mobile ripples using
PIV. However, the flow period was short and the ripples were small in their
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Table 6.1: Experimental conditions of the new measurements of time-dependent sand
transport processes over rippled beds.

Exp. D50 T do R urms ψ√
2rms η λ η/λ

(mm) (s) (m) (m s−1) (mm) (mm)

Mr5a 0.44 5.0 0.51 0.59 0.23 14 39 238 0.164
Mr5b 0.44 5.0 0.86 0.58 0.38 41 76 408 0.186
Mr5c 0.44 5.0 1.05 0.59 0.47 62 81 487 0.166

experiments (T = 3 s, η = 0.02 m, λ = 0.16 m) compared with full-scale
conditions.

Therefore, in the present study new measurements were made of the de-
tailed, time-dependent velocity and concentration field above mobile rippled
beds for three different asymmetric regular flow conditions: Mr5a, Mr5b and
Mr5c. Table 6.1 shows the experimental conditions in which ψ√

2rms is the mo-

bility number based on velocity u =
√

2urms. A description of this experimental
series can be found in Chapter 4. In this chapter we focus on the velocity
measurements. The concentration and suspended sand flux measurements are
discussed in Chapter 7.

This chapter is organised as follows. In Section 6.2 we present and discuss
the measurements of the time-dependent velocities. More specifically, we will
look into the vortex formation and vortex ejection, since these are dominant
phenomena in the sand entrainment and sand transport processes. Special at-
tention is given to the near-bed flow along the ripple, which is also an important
aspect in this context. The following section contains the measurements of the
time-averaged velocity field and the time- and bed-averaged velocity profile.
The conclusions are presented in Section 6.4.

6.2 Time-dependent velocities

Flow velocities over the ripples were measured using a cross-correlation Par-
ticle Image Velocimetry (PIV) system. The PIV measurements have been
phase-averaged to produce the velocity-field at approximately every 1/13.2 s
through the flow cycle, each velocity-field comprising 66 × 66 velocity vectors
in a 23.5 × 23.5 cm area for Mr5a and a 40 × 40 cm area for Mr5b and Mr5c.
The corresponding velocity resolution is 12 mm s−1 for Mr5a and 20 mm s−1

for Mr5b and Mr5c. More details on the PIV measuring technique can be found
in Section 4.3.

The suspended sand acted as the seeding agent, and therefore measured
velocities are velocities of the suspended material, not of the water. The grain-
size distribution of the suspended sand was measured between 10 and 120 mm
above the ripple crest level, and median grain-size were found to range from
0.29 to 0.37 mm. The corresponding fall velocities are of the order of 0.04 −
0.05 m s−1. This gives an indication of the difference between the measured
(vertical) velocity and the (vertical) water velocity. Measured velocities close to
the ripple surface, where the larger sand grains are found, may be more different
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from the water velocities at this level.

6.2.1 Velocity field

Figures 6.1 and 6.2 show the measured velocity field corresponding to 8 phases
within the flow period for experiment Mr5b. Figure 6.1 shows the full velocity
field, while Figure 6.2 zooms in on the lower part with a thickness of two ripple
heights. The velocity scale is the same in both figures. The top panel shows the
PIV-measured velocity time-history at ≈ 3η above the ripple crest level and also
shows the phases for which the 8 velocity fields are presented. Note that the
full measurement at each phase consists of 66 vertical profiles over the length
of the ripple but that only 12 profiles are shown for clearer presentation. The
velocities have been phase-averaged over 4 flow cycles.

Positive, ’onshore’ flow is directed to the right. Horizontal and vertical axes,
x and z, have their origin at the ripple crest and are normalised by the ripple
length λ and ripple height η respectively. The stoss slope of the ripple is the
slope facing offshore (i.e. the left side of the ripple in Figure 6.1 and 6.2) and
the lee slope is the slope facing onshore. The ripple lee slope is steeper than the
stoss slope, giving the ripple an asymmetric shape that is consistent with the
asymmetric flow.

With reference to Figure 6.1 and 6.2 (A-H), the general flow behaviour is as
follows.

A. Off-onshore flow reversal. Free-stream velocities are close to zero and
the stoss vortex is lifted from the bed inducing small near-bed onshore
velocities on the stoss slope.

B. Free-stream is accelerating onshore. The flow accelerates as it rises up the
stoss slope, producing high velocity flow over the ripple crest, extending
to z/η ≈ 0.7. Flow decelerates down the lee slope, producing very low
near-bed velocities as the base of the ripple is reached.

C. Time of maximum onshore free-stream velocity. Flow acceleration over
the ripple crest persists. There is strong separation in the lee of the ripple
with flow starting to reverse near the bed on the lee slope.

D. Onshore free-stream is decelerating. The region of high velocity flow over
the ripple crest is no longer present. Flow reversal has occurred at the bed
in the lee resulting in a well-defined vortex. The vortex occupies the lee
side of the ripple and extends to the base of the stoss slope of the adjacent
onshore ripple. The vortex extends vertically to approximately z/η = 0.3.

E. Free-stream is close to on-offshore flow reversal. The free-stream velocity
is low and the lee vortex starts to lift from the bed, producing relatively
high, offshore-directed near-bed velocities on the lee slope. These near-
bed velocities are much higher compared to at times of off-onshore flow
reversal (A), since the lee vortex is stronger than the stoss vortex. The
vortex has grown vertically to approximately z/η = 0.6 and has extended
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Figure 6.1: Full velocity field at 8 phases for experiment Mr5b. Top panel shows
orbital velocity u measured at z/η ≈ 3. The circles on the time series of u denote the
phase of the flow. Positive, ’onshore’ flow is to the right in the velocity field plots.
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Figure 6.2: Velocity field for z ≤ 2η at 8 phases for experiment Mr5b. Top left figure
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field plots. The velocity scale is the same as in Figure 6.1.
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to about one third of the way up the stoss slope of the adjacent onshore
ripple.

F. Soon after on-offshore flow reversal. Free-stream flow reversal has just
occurred and the free-stream velocity is very low. However, offshore ve-
locities at the ripple crest are already high, caused by the jet produced by
the ejection of the large lee side vortex. Note that the velocity magnitude
at the crest at this time is as high as the maximum free-stream velocity.

G. Close to time of maximum offshore free-stream velocity. This is similar to
C but the degree of flow separation is much less here because the maximum
offshore velocity is lower than the maximum onshore velocity.

H. Near off-onshore flow reversal. Flow reversal on the stoss slope resulting
in a small vortex. This vortex is much smaller than the corresponding
vortex formed on the lee slope during onshore flow (D).

This general flow behaviour is also representative of the flow measured for ex-
periments Mr5a and Mr5c. The time-dependent velocity field for these two
conditions can be found in Appendix A.

6.2.2 Timing flow reversals and velocity peaks near-bed flow

As illustrated in Figure 6.1, very detailed measurements of the time-varying flow
field over full-scale, mobile ripples have been obtained using the cross-correlation
PIV system. We will now examine the near-bed flow along the ripple, which is
an important aspect in the context of sand pick-up and sand transport. Thereto,
we extract the velocity time-series at the second point of measurement above
the ripple surface; this corresponds to between approximately 6 and 12 mm
above the bed. More specifically, we will look into two aspects: the timing of
flow reversal and the maximum velocity peaks. These two aspects reveal much
about the vortex formation and vortex ejection, which are dominant phenomena
in the sand entrainment and the sand transport processes.

Timing flow reversals

Figure 6.3 shows the time difference ∆t/T between the timing of the near-bed
flow reversals relative to free-stream reversals (at z/η ≈ 3) for experiment Mr5a,
Mr5b and Mr5c; ∆t/T > 0 means flow reversal before free-stream reversal.

This figure shows that the near-ripple on-offshore flow reversal, ∆tdown, oc-
curs at locations on the lee-side before the free-stream on-offshore reversal.
Similarly, near-ripple off-onshore flow reversal, ∆tup, occurs at locations on the
stoss-side before the off-onshore reversal. This is due to vortex formation in each
half flow cycle, but also affected by the fact that the flow in the boundary layer
contains less inertia, due to the smaller velocities within the boundary layer.
Therefore, the flow can react more quickly to the varying pressure gradient and
accelerates and decelerates more rapidly than the free-stream. Consequently, the
velocity inside the boundary layer is ahead in phase compared to the free-stream
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Figure 6.3: Timing of on-offshore flow reversal (solid lines) and off-onshore flow
reversal (dashed lines) near the ripple surface as function of the horizontal location
along the ripple for three experiments. ∆t/T = 0 means flow reversal occurs at the
same time as the free-stream reversal (at z/η ≈ 3); ∆t/T > 0 means flow reversal
occurs before the free-stream reversal.

velocity. For laminar flow over a flat, smooth bed it can be shown theoretically
that this phase-lead is equal to 45o (see e.g Nielsen, 1992). For rough turbulent
flow the phase lead becomes smaller than this. For example, O’Donoghue and
Wright (2004) found that the near-bed velocity leads the main flow velocity by
approximately 21o based on oscillatory flow tunnel measurements in sheet-flow
conditions (flat beds). This phase lead of 21o corresponds to ∆t/T = 0.06 while
Figure 6.3 shows phase leads up to ∆t/T ≈ 0.3. Therefore, the phase lead of
near-bed flows in rippled bed conditions appears to be mainly due to vortex
formation.

The plots of ∆tdown and ∆tup reveal much about the initiation and de-
velopment of the vortices. Looking first at the results for on-offshore flow
reversal (solid lines in Figure 6.3), we see similar behaviour across the three
experiments. On-offshore reversal first occurs around the middle of the lee-side
(x/λ = 0.2 − 0.3) at approximately 0.25 − 0.3T before the free-stream reversal.
The lee-side vortex grows, filling the trough and causing flow reversal in the
lower part of the slope. Flow reversal in the ripple trough occurs 0.1 − 0.15T
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later than on the middle of the slope, which means that it occurs 0.1 − 0.15T
ahead of the free-stream reversal. Flow reversal near the ripple crest occurs
slightly ahead (0 − 0.1T ) of free-stream reversal, corresponding to when the
vortex starts to be ejected from the ripple slope into the main flow. This means
that there is a relatively strong delay between flow reversal occurring at the
middle of the lee slope and flow reversal occurring in the higher part of the lee
slope.

The behaviour of the on-offshore flow reversal on the lee slope is mirrored by
the behaviour of the off-onshore flow reversal above the stoss slope (dashed lines
Figure 6.3). For experiment Mr5a, the near-bed off-onshore flow reversal on the
lee side of the ripple (0.25 < x/λ < 0.5) is ahead of free-stream reversal. This
means that the stoss vortex extended to the neighbouring ripple in ’offshore’
direction. For experiment Mr5b and Mr5c this phenomenon is not very clearly
present. This is possibly related to the fact that the horizontal pressure gradients
for these experiments are larger than for experiment Mr5a, as a result of the
higher maximum horizontal orbital velocities, while the flow periods are the
same (see Table 6.1). After maximum offshore flow, the flow decelerates and
the (negative) horizontal pressure gradient opposes the horizontal growth of the
stoss vortex. Due to the larger pressure gradients, the opposing effect is stronger
for experiment Mr5b and Mr5c.

Velocity peaks

Figure 6.4 shows the maximum (onshore peak) and minimum (offshore peak)
near-bed velocity as function of the horizontal location along the ripple for
experiment Mr5a, Mr5b and Mr5c. These velocity peaks have been normalised
by the velocity peaks in the free-stream (at z/η ≈ 3) of the corresponding
half flow cycle. As already observed in Figure 6.1, this figure shows that the
near-ripple flow is very different from the free-stream flow.

The behaviour is similar for the three experiments. Near the ripple crest,
−0.25 ≈ x/λ ≈ 0.15, the flow acceleration over the crest results in maximum
near-bed velocities (solid lines in Figure 6.4) that are 1−1.5 times the maximum
free-stream flow. The jetting produced by the vortex shedding from the lee slope
result in very strong near-bed offshore velocities (dashed lines in Figure 6.4) that
are 1−1.7 times the minimum free-stream flow. There is a progressive decrease
in the near-bed velocity peaks moving from the crest into the trough, and in
the ripple trough the velocity peaks are very much lower than the free-stream
velocity peaks. The near-bed maximum onshore flow steadily increases up the
stoss slope, reaches a maximum slightly to the right of the ripple crest and
rapidly decreases from here to x/λ ≈ 0.2. Similar behaviour can be observed
for maximum offshore flow, but the decrease in velocity down the stoss side is
less rapid.

The flow acceleration from the trough towards the crest is confined to a near-
bed region of z/η . 1 (see Figures 6.1 and 6.2). At higher elevations above the
ripple crest level (z > 3η), the velocity time-series are very similar for different
horizontal locations (not shown here). This indicates that the flow phenomena
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Figure 6.4: Maximum velocity (solid lines) and minimum velocity (dashed lines)
near the ripple surface as function of the horizontal location along the ripple for three
experiments. The velocity peaks umax have been normalised by the velocity peaks in
the free-stream umax,fs (at z/η ≈ 3).

described in this section are not substantially affected by the roof of the tunnel,
which was located about 0.5 m above the ripple crest level.

6.3 Time-averaged velocities

The time-dependent velocities can be time-averaged to reveal the residual flow
patterns (streaming), which strongly depend on the relative size and strength
of the vortices. The time-averaged velocity field presents a different perspective
on the flow and provides a useful point of comparison with numerical model
predictions. Figures 6.5, 6.6 and 6.7 present the time-averaged velocity field for
experiments Mr5a, Mr5b and Mr5c. The velocity resolution of PIV measure-
ments was 12 mm s−1 for Mr5a and 20 mm s−1 for Mr5b and Mr5c, which is
of the same order of magnitude as the time-averaged velocities. However, as a
result of the averaging, the time-averaged velocity field is much more accurate
than the time-dependent velocity field.

These figures show the influence of flow asymmetry on the time-averaged
velocity field. Asymmetry in the free-stream and the consequent asymmetry in
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Figure 6.5: Time-averaged velocity field for experiment Mr5a.

vortex formation produces steady circulation cells with high offshore mean flow
up the lee slope and above the ripple crest level on the stoss side of the ripple.
The high offshore mean flow up the lee slope is not present for experiment
Mr5a, possible due to lower orbital velocities. The strong offshore streaming is
mostly contained 1− 1.5 ripple heights above the crest level and is balanced by
weaker onshore streaming up the stoss slope and higher in the flow. The steady
circulation cells are larger for Mr5b and Mr5c than for Mr5a, as a result of the
larger orbital velocities. It appears that the magnitude of the streaming also
increases with urms.

PIV measured the velocities of the suspended material, not of the water.
Although the horizontal velocity component of water and grains will be very
similar, the vertical component will differ because of the sand particle settling
velocity which is of the order of a few centimetres per second. This small vertical
velocity component can be observed between 2η < z < 3η in Figures 6.5, 6.6
and 6.7.

The 2D, time-averaged velocity fields can be averaged over the ripple length
to produce the time- and horizontally-averaged velocity profiles, 〈u(z)〉. Knowl-
edge on these streaming profiles is important for the current-related transport
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Figure 6.6: Time-averaged velocity field for experiment Mr5b.
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Figure 6.7: Time-averaged velocity field for experiment Mr5c.
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Figure 6.8: Time- and horizontally-averaged velocity profiles for experiments Mr5a,
Mr5b and Mr5c.

component 〈u(z)〉 · 〈c(z)〉. Figure 6.8 shows these streaming profiles for experi-
ment Mr5a, Mr5b and Mr5c starting from the ripple crest level z = 0 to z = 4η.

Figure 6.8 shows that the steaming profile comprises an offshore (against flow
asymmetry) near-bed streaming, a level of zero drift at z/η = 1.2− 2.2, and an
onshore drift higher up in the flow. The three experiments have the same wave
period and about the same flow asymmetry, but urms increases from experiment
Mr5a to Mr5c. The maximum streaming is −4, −7 and −8 cm s−1 for Mr5a,
Mr5b and Mr5c respectively, indicating that the offshore near-bed streaming
increases with urms. The magnitudes of the net velocities are small in an absolute
sense (0 − 8 cm s−1) as well as in relative sense with

∣

∣〈u〉 /
√

2urms

∣

∣ = 0 − 13%.

The observed streaming profiles look similar to the tunnel measurements
by Ribberink and Al-Salem (1995) in case of flat beds (sheet-flow) in regular
asymmetric flow. This profile of the boundary layer streaming in case of flat
beds can be explained by the flow asymmetry, causing a difference in generated
turbulent energy during both half flow cycles (see also Trowbridge and Madsen,
1984a; Trowbridge and Madsen, 1984b). Since there is no net water flow over
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the complete cross-section of the test section in the tunnel, the net flow close
to the bed is compensated by a positive flow, 〈u〉 > 0, in the free-stream,
which can be observed for z/η > 2.2 for Mr5a, for z/η > 1.2 for Mr5b and for
z/η > 1.3 for experiment Mr5c. Similar to this offshore near-bed streaming, an
offshore streaming can be expected at the upper boundary of the fluid domain,
which is formed by the tunnel roof. The tunnel roof is located 50 cm above
the initial flow bed level, corresponding to z/η ≈ 13 for experiment Mr5a,
z/η ≈ 7 for Mr5b, and z/η ≈ 6 for Mr5c. Unfortunately, the PIV measurements
did not extend further than approximately 4 ripple heights above the ripple
crest level. When considering these measured streaming profiles, it should be
realised that, in contrast to nature, vertical orbital velocities are not simulated
in flow tunnels. Therefore, an onshore streaming component associated with the
interaction between the horizontal and vertical orbital flow field (see Longuet-
Higgins, 1953; Davies and Villaret, 1999) is not present in flow tunnels.

Although the net streaming is generally small compared to the horizontal
orbital velocities, it could be potentially important for the net sand transport
due to its presence in a near-bed layer with relatively high sand concentra-
tions. The importance of the contribution of this streaming or current-related
transport will be investigated in Chapter 7.

6.4 Conclusions

Cross-correlation Particle Image Velocimetry (PIV) was successfully used to
measure the time-dependent velocity field above ripples for three different regu-
lar asymmetric flows. The new data are distinguished from previous work of this
kind in that the full time-dependent velocity field was captured above full-scale,
mobile ripples.

The velocity field above ripples is dominated by the generation and ejection
of vortices on the ripple flanks around flow reversal. The vortex formation on
the lee-side during onshore flow is much stronger than on the stoss side dur-
ing offshore flow, because maximum onshore velocity is larger than maximum
offshore velocity. Because of vortex formation, near-ripple on-offshore flow re-
versal occurs on the lee-side t/T = 0 − 0.3 before the free-stream on-offshore
reversal. Similarly, near-ripple off-onshore flow reversal occurs on the stoss-side
t/T = 0−0.25 before the free-stream off-onshore reversal. Near the ripple crest,
−0.25 ≤ x/λ ≤ 0.25, the flow acceleration over the crest and the jetting pro-
duced by the vortex shedding from the lee slope result in velocity peaks that
are up to 1.7 times higher than the peaks in the free-stream velocity.

Asymmetry in the free-stream and the consequent asymmetry in vortex
formation produces steady circulation cells with dominant offshore mean flow
(against flow asymmetry) up the ripple lee slope and in a layer with a thickness
of 1−1.5 ripple heights above the ripple crest level on the stoss side of the ripple.
This offshore mean flow is balanced by weaker onshore streaming up the ripple
stoss slope and higher up in the flow. The time- and bed-averaged horizontal
velocity profile - which is relevant for the current-related sand transport - com-
prises an offshore near-bed streaming, a level of zero drift at z/η = 1.2−2.2, and
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an onshore drift higher up in the flow. The magnitudes of the net velocities are
small in an absolute sense as well as in relative sense, but could be potentially
important for the net sand transport due to its presence in a near-bed layer
with relatively high sand concentrations.
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Chapter 7

Suspended sand dynamics over rippled

beds

Abstract: We present and discuss new measurements of the time-dependent sus-

pended sand concentration and sand flux field above rippled beds in regular oscillatory

flow. For the first time this was done for mobile ripples and full-scale wave conditions.

The concentration and sand flux field are dominated by the formation of vortices on

the onshore ripple flank and their ejection near flow reversal. There are also rela-

tively large fluxes present at times of maximum flow. In a lower layer of one to two

ripple heights above the ripple crest level, the net current-related flux and net wave-

related flux are in the offshore direction and, except close to the ripple crest, the

wave-related flux dominates. Higher up in the flow the net wave-related flux is still

offshore-directed, but the net current-related flux is onshore-directed and dominant,

resulting in an onshore total net flux. The total net transport above the ripple crest

level is offshore-directed. New and existing full-scale data show that, in the important

near-bed region with a thickness of two ripple heights, the time- and bed-averaged

concentrations are best described by an exponential profile.

7.1 Introduction

Process-based sand transport models represent many of the detailed physical
processes involved in sand transport by waves over rippled beds. In order to
further develop such models and - more generally - to increase our understanding
of the complex nature of ripple regime sand transport, detailed measurements
of the velocity and sand concentration field above rippled beds from controlled,
full-scale laboratory experiments are required.

Many experiments involving concentration measurements have been con-
ducted in the past. For example, Bosman (1982) used an OPtical CONcentra-
tion meter (OPCON) to perform point concentration measurements. However,
flow periods were short (T ≤ 3 s) and ripples were small in these experiments
compared with full-scale conditions. Point measurements of concentration for
full-scale ripples have been obtained by Clubb (2001) using transverse suction
sampling in an oscillatory flow tunnel, while Thorne et al. (2003) performed
Acoustic Backscatter System (ABS) measurements of time-dependent concen-
trations under regular surface waves in a large wave flume. However, in both
studies no corresponding velocity measurements were made. Chen (1992) car-
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ried out point measurements of both velocities and concentrations, but these
were small-scale experiments with short wave periods (T = 1.76 s) and small
ripples.

In this chapter new measurements of the detailed time-dependent concen-
tration field above mobile rippled beds in three different regular asymmetric
oscillatory flows are presented and discussed. Time-dependent concentration
profiles were measured using an ABS, point measurements of the time-dependent
concentrations were performed by an OPCON, and the time-averaged concen-
tration profile was measured by a Transverse Suction System (TSS). These con-
centration measurements are combined with velocity measurements, described
in Chapter 6, to reveal the time-dependent sand flux field. Chapter 4 describes
the experimental set-up, and Table 6.1 summarises the conditions of the new
experiments.

In Sections 7.2 and 7.3 we will examine the time-dependent and time-averaged
concentration field above rippled beds in oscillatory flow. More specifically, we
will look into the timing of the concentration peaks, since this is important in
the context of sand transport. Section 7.4 presents and discusses the new sand
flux measurements, and in the final section the conclusions are presented.

7.2 Time-dependent concentrations

7.2.1 General

Experiment Mr5a was a bedload dominated condition with low levels of sand
suspension during the flow cycle (. 0.2 g l−1), which is close to the lower
limit of the validity range of the measuring instruments ABS and OPCON.
For this experiment the concentration measurements are sensitive to noise and
consequently not very accurate. Therefore, the time-dependent concentration
measurements for condition Mr5a are not further considered here.

The ABS operated at three frequencies: 0.98, 2.52 and 4.8 MHz. The ABS
concentration measurements with the middle frequency are discussed below,
because the low frequency had a too wide footprint while the higher frequency
had problems with attenuation.

Preliminary analysis showed that the ABS-measured concentrations were
significantly lower than the concentrations measured by the OPCON and TSS.
The latter show a similar time- and bed-averaged concentration profile, see Sec-
tion 7.3. This could be due to the fact that the ABS has been calibrated for
relatively low concentrations (< 0.3 g l−1). Therefore, the ABS has been re-
calibrated with a constant factor of 8.9 for Mr5b and 11.5 for Mr5c based on
the time- and bed-averaged concentration measurements by the OPCON and
TSS. This analysis also showed that the ABS-measured time-dependent concen-
trations are systematically (slightly) ahead in phase compared to the OPCON
measurements. Independent measurements with a Ultra-High Concentration
Meter (UHCM, not reported here) show a time-dependent concentration be-
haviour very similar to the OPCON measurements, suggesting that the timing
of the ABS measurements is wrong. A possible explanation for this is the rela-



7.2. Time-dependent concentrations 109

tively large measuring volume of the ABS compared to the OPCON and UHCM,
in combination with the strong, asymmetric variation of the concentrations in
time. On the basis of the time-dependent, bed-averaged concentrations mea-
sured with the OPCON and UHCM, the ABS measurements have been shifted
with 0.375 s for Mr5b and with 0.25 s for Mr5c.

OPCON measurements were made at five different elevations above the rip-
ple crest level, which correspond to five different ripples. The ABS measured
the full vertical concentration profile above yet another ripple. The assumptions
are made that there is little spatial and temporal variability in the shape and ge-
ometry of equilibrium ripples for given flow and sand conditions. Consequently,
the concentration field can be assembled from measurements of concentrations
obtained at different times and from different ripples. Visual observations and
measurements from earlier experiments suggest that these are reasonable as-
sumptions, although irregularities in ripple morphology do sometimes develop.
On the basis of bed morphology measurements, Van der Werf and Doucette
(2005) conclude that ripple morphology was consistent in time and space for
experiments Mr5a and Mr5b. Some unsteadiness occurred in ripple shape and
size for experiment Mr5c, which needs to be considered when compiling and
analysing concentration and velocity data.

Due to fluctuations of a statistical nature and (small) variations in the bed
geometry and flow velocity in the neighbourhood of the measurement position,
a relatively large scatter occurs in the instantaneous concentration pattern (see
also Bosman, 1982; Chen, 1992). Assuming that these fluctuations are random,
a good approximation of the concentration as a function of time can be found by
ensemble-averaging over a sufficiently large number of flow cycles. Since ripples
migrate, ensemble-averaging also implies bed-averaging. It is assumed that a
spatial resolution of 5% of the ripple length is acceptable, which corresponds
to 20 mm for experiment Mr5b. The same spatial resolution is chosen for ex-
periment Mr5c. Depending on the migration rate of the ripple above which
measurements were made, this corresponds to ensemble-averaging the OPCON
concentrations over 10−74 flow cycles and the ABS concentrations over 22 flow
cycles. With this number of flow cycles the typical time-dependent concentra-
tion behaviour (number and timing concentration peaks) is captured.

7.2.2 Bed-dependent concentrations

The time-dependent concentration at four different elevations above the ripple
crest level (x/λ = 0) measured by the ABS and OPCON are shown in Figure 7.1
for experiment Mr5b. In the top panels of these figures the orbital excursion of
the free-stream and the free-stream orbital velocity are plotted. The horizontal
and vertical axes, x and z, have their origin at the ripple crest and are normalised
by the ripple length λ and the ripple height η respectively. The flow phases
t/T = 0, 0.22, 0.45 and 0.73 correspond to off-onshore flow reversal, maximum
onshore flow, on-offshore flow reversal and maximum offshore flow respectively.

In general the ABS- and OPCON-measured concentrations show a very sim-
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Figure 7.1: Time-dependent concentrations at different elevations above the ripple
crest (at x/λ = 0) for experiment Mr5b as measured by the ABS (circles) and OPCON
(solid line). The top left panel shows the free-stream orbital excursion and the top
right panel the free-stream orbital velocity.



7.2. Time-dependent concentrations 111

ilar behaviour. Five concentration peaks can be observed during the flow cycle,
which appear to occur almost simultaneously at different elevations above the
bed. We will discuss these separately starting with the largest concentration
peak occurring just after on-offshore free-stream reversal at t/T = 0.45.

• The largest concentration peak (further referred to as ’Peak 1’) occurs
around t/T ≈ 0.55. The peak is associated with the passage of a cloud
of suspended sand generated by vortex shedding from the onshore ripple
flank around the time of on-offshore flow reversal (t/T ≈ 0.45).

• A second peak (’Peak 2’) occurs at t/T ≈ 0.7−0.8. This peak is due to the
passage of an advected suspension cloud generated on the onshore flank
of the next onshore ripple. Peak 2 is lower than Peak 1 due to diffusion
and settling of the sand particles.

• ’Peak 3’ occurs at t/T ≈ 0.9 − 1.0 and is also caused by the passage of
an advected suspension cloud. This cloud originates from the vortex shed
from the onshore flank of the ripple located two ripple lengths onshore.
The difference between the orbital excursion of the free-stream at t/T =
0.55 and t/T = 0.95 (see top left panel in Figure 7.1) is 0.76 m. During
this time frame, Peak 1 travels over two ripple lengths, which corresponds
to 2 · 0.41 = 0.82 m. This implies that Peak 1 travels on average slightly
faster than the free-stream flow.

• ’Peak 4’ is a very small peak occurring at t/T = 0.1 − 0.2. This peak is
due to the passage of a sand-laden vortex ejected from the offshore ripple
flank around the time of off-onshore flow reversal (t/T = 0). Because of
flow asymmetry this vortex is much smaller and weaker than the vortex
ejected from the onshore ripple flank around the time of on-offshore flow
reversal (i.e. Peak 1).

• ’Peak 5’, occurring at t/T ≈ 0.3, is associated with maximum onshore
flow, which creates a near-bed plume of sand that originates from the
mobile layer on the offshore ripple flank, that moves over the ripple crest
and travels in onshore direction.

Higher up in the flow (best seen at z/η = 1.13), the time-dependent concen-
trations are less coherent due to diffusion and settling of the sand particles and
breaking-up of the vortices. Peaks 1, 2 and 3 are still visible but Peak 1 no
longer dominates. Peaks 4 and 5, associated with off-onshore flow reversal and
maximum flow respectively, do appear at these high levels, but are relatively
small. This concentration behaviour is also representative of the concentration
measured for experiment Mr5c. The time-dependent concentrations at different
vertical elevations above the ripple crest level for this condition can be found in
Appendix B.

The spatial pattern of the time-dependent concentrations above rippled beds
is best illustrated in Figure 7.2, which show the concentrations at 18 subsequent
flow phases for experiment Mr5b as measured by the ABS. The stoss slope of
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the ripple is the slope facing offshore (i.e. the left side of the ripple in Figure 7.2)
and the lee slope is the slope facing onshore.

With reference to these figures, the general concentration behaviour, starting
from off-onshore free-stream reversal at t/T = 0, is as follows.

• From t/T = 0 to 0.11 there is a suspension cloud present above and left
from the ripple crest. Flow is weakly onshore, and therefore this cloud
remains at approximately the same position while its size and the amount
of sand decrease due to settling, horizontal advection and diffusion of the
sand particles. This cloud originates from the vortex shed from the lee
slope of the ripple located two ripple lengths onshore (’Peak 3’). At the
same time a very small suspension cloud is generated at the stoss slope
due to a weak and small vortex.

• Close to maximum free-stream flow, from t/T = 0.22 to 0.28, near-bed
sand concentrations are high, especially above the lee slope. At other
locations, concentrations are relatively low while the free-stream flow is at
its maximum.

• From t/T = 0.25 onwards the free-stream is decelerating and the suspen-
sion cloud in the lee slope grows. At t/T = 0.39 the suspension cloud is so
large that it reaches the stoss slope of the next ripple in onshore direction.

• Between t/T = 0.44 and 0.50 the suspension is lifted and ejected into
the flow. At t/T = 0.56 this main suspension cloud (’Peak 1’) passes the
ripple crest and extends to about 1.5η above the ripple crest level.

• This cloud travels offshore with the free-stream and the concentrations
within the cloud decrease since the particles settle to the bed. At t/T =
0.78 it passes the next ripple in the offshore direction and, after losing
even more sand, the second ripple in the offshore direction at t/T = 0.94.

This general concentration behaviour is also representative of the concentrations
measured for experiment Mr5c. The time-dependent concentration field for this
condition can be found in Appendix B.

7.2.3 Timing concentration peaks

Another perspective on the time-dependent concentration field is the timing of
the concentration peaks. This timing is of crucial importance for the net sand
transport. Figure 7.3 shows the time difference ∆t/T between the timing of
the concentration peak at two different elevations above the ripple crest level
relative to on-offshore free-stream reversal (at t/T = 0.45) for experiment Mr5b
and Mr5c; ∆t/T > 0 means concentration peak occurs after on-offshore free-
stream reversal.

Different lines are used to distinguish between three different types of con-
centration peaks: Peak 1, Peak 2 and Peak 3. Peak 1 is associated with the
passage of a cloud of suspended sand generated by vortex shedding from the
lee-side ripple flank. Peak 2 is due to the passage of an advected suspension
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Figure 7.2: Time-dependent concentration field around the ripple at different phases
during the flow cycle for experiment Mr5b as measured by the ABS.
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Figure 7.3: Timing of concentration Peak 1 (solid lines), concentration Peak 2
(dashed lines) and concentration Peak 3 (dotted lines) at two different elevations above
the ripple crest level as function of the horizontal location along the ripple for two ex-
periments. ∆t/T = 0 means that the concentration peak occurs at the same time as
on-offshore free-stream reversal (at z/η ≈ 3); ∆t/T > 0 means that the concentration
peak occurs after on-offshore free-stream reversal.
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cloud generated on the lee-side of the next onshore ripple and Peak 3 is associ-
ated with the passage of an advected suspension cloud generated on the lee-side
of the ripple located two ripple lengths onshore, see also Section 7.2.2.

The general behaviour is as follows. Just after on-offshore free-stream re-
versal (∆t/T = 0) a sand-rich cloud associated with vortex shedding appears
above the ripple trough (x/λ = 0.5). This cloud is advected by the offshore
flow, passes the ripple crest 0.1 − 0.15T after on-offshore free-stream reversal
and travels with a fairly constant celerity. At ∆t/T = 0.25 the suspended cloud
reaches the next ripple in the offshore direction and it travels further offshore
with a slightly higher celerity - again quite constant - associated with the higher
free-stream velocity, which has its peak at ∆t/T = 0.28. Between ∆t/T = 0.35
and ∆t/T = 0.45 the suspended cloud reaches the ripple located two ripple
lengths in offshore direction. As free-stream offshore flow is decelerating, the
suspended cloud is slowed down, but is just able to pass the ripple crest before
the free-stream reverses from offshore to onshore (at ∆t/T = 0.55).

The difference between the timing and celerity of the concentration peaks
at z/η = 0.5 and z/η = 2.0 is small. This suggests that the sand-rich cloud
associated with vortex shedding is coherent, well-mixed, quickly ejected into the
flow (covering a lower layer of at least two ripple heights), and stays coherent
and well-mixed once it has been ejected.

7.2.4 Bed-averaged concentrations

Because of the high temporal and spatial variability in concentrations above
ripples, it is useful to examine integrated quantities in addition to the very de-
tailed time- and space-varying concentrations. Here we integrate the ABS con-
centration measurements over the ripple length to obtain the time-dependent,
bed-averaged concentrations. These are presented in Figure 7.4 for both exper-
iments.

Again five concentrations peaks can be observed close to the ripple crest level,
although the concentration peak due to vortex shedding at the stoss ripple flank
is hardly visible. The relative dominance of the peak at t/T = 0.5−0.6 and the
peaks themselves die out with elevation above the ripple and at z/η ≈ 2− 3 the
concentrations are nearly time-independent. In a near-bed layer of thickness
≈ 1.5η there is strong time-variation in the concentration for Mr5b associated
with vortices. For Mr5c concentrations are higher and the vortex-dominated
layer extends to z/η ≈ 2. Especially for Mr5b we notice a small difference in
the timing of the central peak at different elevations above the crest level, with
the peak occurring slightly (t/T ≈ 0.05) later higher up in the flow. This phase
difference is not apparent for the peaks due to the advected sand clouds (at
t/T ≈ 0.8 and ≈ 1.0), supporting the earlier finding that the sand travels as a
coherent, well-mixed cloud.
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Figure 7.5: Time-averaged concentration field measured by the ABS for experiment
Mr5b (upper panel) and experiment Mr5c (lower panel).

7.3 Time-averaged concentrations

7.3.1 Bed-dependent concentrations

The bed-averaged concentrations in Figure 7.4 give insight into the average
temporal variation of concentrations above a ripple. We can also integrate with
respect to time to obtain insight into the spatial variation of time-averaged
concentration over the ripple. Figure 7.5 shows the time-averaged concentration
field above the ripple for experiment Mr5b and Mr5c.

At lower elevations, the general pattern is higher concentrations above the
onshore ripple flank and lower concentrations above the offshore ripple flank.
At higher elevations (z/η & 0.5 − 1.0), concentrations are more uniform over
the ripple length. For experiment Mr5c the concentrations are higher than for
experiment Mr5b, especially above the ripple trough. The results are consistent
with the earlier description of the concentration behaviour.

7.3.2 Bed-averaged concentrations

Figure 7.6 shows that the time- and bed-averaged concentrations measured by
the ABS, OPCON and TSS are similar for experiment Mr5b and Mr5c. The
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Figure 7.6: Time- and bed-averaged ABS (solid lines), OPCON (open circles) and
TSS (closed triangles) concentrations for experiment Mr5b and experiment Mr5c.

large similarity between the ABS measurements and the OPCON and TSS mea-
surements was expected since the ABS has been tuned on the time- and bed-
averaged concentration measurements by the OPCON and TSS (with a constant
factor).

We now further analyse the time- and bed-averaged concentrations over rip-
pled beds in oscillatory flow using new and existing full-scale data sets. Table 7.1
summarises the test conditions of the new (first three rows) and previous full-
scale laboratory experiments. This table shows the number of experiments
involving each of four oscillatory flow types - regular symmetric (RS), regular
asymmetric (RA), irregular symmetric (IS), irregular asymmetric (IA) - and the
mobility number ψ√

2rms based on u =
√

2urms.
Depending on the choice of the vertical profile of the sand diffusivity the

time- and bed-averaged concentration profile is ’exponential’ or ’power law’, see
Section 2.3.4. In case of a constant sand diffusivity over the vertical, time- and
bed-averaged concentrations can be described with an exponential profile:

c(z) = c0 exp

(

− (z − z0)

Rc

)

(7.1)
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Table 7.1: Sources of time- and bed-averaged concentration data from large-scale
laboratory experiments. RA94 denotes Ribberink and Al-Salem (1994); C01 Clubb
(2001); T02 Thorne et al. (2002). Key for oscillatory flow type: RS = regular symmet-
ric; RA = regular asymmetric; IS = irregular symmetric; IA = irregular asymmetric.

Ref. Facility D50 No. of experiments T, Tp ψ√
2rms

(mm) RS RA IS IA (s)
New LOWT 0.22 · · · · · · 2 · · · 10.2 35,65

0.35 · · · 7 · · · · · · 5.0-10.0 31-88
New AOFT 0.44 · · · 3 · · · · · · 5.0 14-62

RA94 LOWT 0.21 14 · · · · · · 6 2.0-10.0 26-106
C01 AOFT 0.34 2 2 · · · · · · 5.0,10.0 52,87
T02 Delta flume 0.33 8 · · · 4 · · · 5.0-6.0 12-82

Total 24 12 6 6

where c0 is the reference concentration at the (arbitrary) level z = z0, Rc =
εs/ws the concentration decay length, ws the sand particle fall velocity and εs
the sand diffusivity. If the sand diffusivity is linearly increasing with distance
z above the bed (εs = µz, with µ a proportionality factor), the time-averaged
concentration profile follows a power law profile:

c(z) = c0

(z0
z

)α

(7.2)

where α = wsz/εs = ws/µ is the concentration decay parameter.
These profiles were fitted to the time- and bed-averaged concentration data

for the lower part of the profile z < 2η, where the flow dynamics are dominated
by coherent and periodic vortex structures. Due to the high concentrations, this
near-bed layer is the most important region for the net sand transport. Refer-
ence height corresponds to the ripple crest level for the exponential profile, and
the reference height is 2.5 times the median grain-size D50 above the ripple crest
level for the power law profile. In nearly all experiments, the lowest elevation of
the concentration measurements was more than 0.005 m above the ripple crest
level. Therefore, the fitted profiles are nearly independent of the (arbitrary)
reference level z0 for 0 < z0 < 0.005 m. However, the concentration at this level
- the reference concentration - is very dependent on this choice.

The goodness of fit between the fitted profiles and the data (for z < 2η) is
quantified through the correlation coefficient R2, where R2 = 1 denotes perfect
agreement. The average R2 across all the experimental cases for the exponential
profile has a value of 0.955, while for the power law profile this average R2 has
a value of 0.938. For z < 2η the time- and bed-averaged concentration profile
is thus slightly better described with a height-independent sand diffusivity than
with a sand diffusivity that is linearly increasing with distance above the bed.
This is supported by velocity measurements above fixed rippled beds by Rana-
soma and Sleath (1992) in an oscillating tray rig (small-scale) and also by the
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Figure 7.7: Comparison between fitted exponential profile and concentration data.
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the fitted reference concentration c0 and concentration decay length Rc respectively.
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profile.

theoretical findings of Perrier (1996). Perrier found that, having horizontally
averaged the results from both a Reynolds stress closure model and a discrete
vortex model, the eddy viscosity is roughly height-independent in a layer of
thickness equivalent to about 2η. Apparently, the sand diffusivity structure
above rippled beds in full-scale oscillatory flows is similar to this eddy viscosity
structure.

Figure 7.7 shows a comparison between the fitted exponential profiles and
the concentration data from new and previous full-scale laboratory experiments
listed in Table 7.1. It can be observed that for z > 2Rc the theoretical shape
starts to deviate from the data due to an increasing sand mixing at these higher
elevations. Table 5.1 shows the reference concentration c0 (g l−1) and the con-
centration decay length Rc, which are derived from the exponential profile fitted
to the new concentration profile measurements.

7.4 Sand fluxes

In a two-dimensional space where x is the horizontal and z the vertical coor-
dinate, the sand flux vector is defined as the product of the velocity vector
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~u(x, z, t) and the suspended sand concentration c(x, z, t):

~ϕ(x, z, t) = ~u(x, z, t) · c(x, z, t) (7.3)

The sand fluxes are computed by combining the ensemble-averaged flow field
as measured by PIV system (see Chapter 6) and the ensemble-averaged ABS
concentration field as described is this chapter.

The temporal resolution of the PIV-measured velocity field is 0.076 s and
the horizontal and vertical resolution is 7 mm. The ensemble-averaged concen-
tration field as measured by the ABS has a temporal resolution of 0.125 s, a
horizontal resolution of 20 mm and a vertical resolution of 5 mm. Through near-
est neighbour interpolation, the velocity field and concentration field with the
same temporal and spatial resolution are determined. These are multiplied and
the resulting sand flux field has a temporal resolution of 0.125 s, a horizontal
resolution of 20 mm and a vertical resolution of 7 mm.

7.4.1 Time-dependent sand fluxes

Figure 7.8 shows the measured sand flux field corresponding to 8 phases within
the flow period for experiment Mr5b. The top panel shows the PIV-measured
velocity time-history at ≈ 3η above the ripple crest and also shows the phases
for which the 8 sand flux fields are presented. Note that the full measurement at
each phase consists of 19 vertical profiles over the length of the ripple but only 9
profiles are shown for clearer presentation. Onshore, positive flux is directed to
the right. Horizontal and vertical axes, x and z, have their origin at the ripple
crest and are normalised by the ripple length λ and ripple height η respectively.

We discuss the sand flux behaviour starting from off-onshore free-stream
reversal at t/T = 0. With reference to Figure 7.8 (A-H) and to Figures 6.1, 6.2
and 7.2 which show the time-dependent flow and concentration field respectively,
the general flux behaviour is as follows.

A. Off-onshore flow reversal. Although there is quite a large amount of the
sand in suspension, the sand fluxes are small since the free-stream orbital
velocity is zero. Fluxes are onshore-directed and highest above the stoss
slope, associated with the stoss vortex.

B. Free-stream is accelerating onshore. The flow accelerates as it rises up the
stoss slope, producing high near-bed onshore-directed sand fluxes near the
ripple crest and above the lee slope.

C. Time of maximum onshore free-stream velocity. Flow acceleration over
the ripple crest persists generating a strong onshore sand flux close to the
ripple crest, which is a near-bed plume of sand that is thrown from the
offshore ripple flank over the ripple crest. There is strong separation in
the lee of the ripple with flow starting to reverse near the bed on the lee
slope. As a consequence, sand fluxes are low here.
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Figure 7.8: Sand flux field for z ≤ η at 8 phases for experiment Mr5b. The top
panel shows orbital velocity u measured at z/η ≈ 3. The circles on the time series of
u denote the phase of the flow. Positive, ’onshore’ flux is to the right in the sand flux
field plots.
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D. Onshore free-stream is decelerating. Flow reversal has occurred at the
bed in the lee resulting in a well-defined vortex resulting in strong offshore
fluxes between 0 < x/λ < 0.25 above the lee slope.

E. Free-stream is close to on-offshore flow reversal. The free-stream velocity
is low and the lee vortex starts to lift from the bed, producing relatively
high, offshore-directed fluxes above the lee slope.

F. Soon after on-offshore flow reversal. Free-stream flow reversal has just
occurred and the free-stream velocity is very low. However, offshore sand
fluxes at 0 < x/λ < 0.25 are high up to about one ripple height above
ripple crest level, caused by the jet produced by the ejection of the large
lee side vortex.

G. Close to time of maximum offshore free-stream velocity. Fluxes above the
lee slope are relatively high and in offshore direction as a consequence of
offshore flow and the suspension cloud generated on the lee slope of the
next onshore ripple.

H. Near off-onshore flow reversal. Small offshore sand fluxes can be observed
above the ripple lee slope reflecting the travel of a suspension cloud orig-
inating from the vortex shed from the lee slope of the ripple located two
ripple lengths onshore.

Figure 7.9 shows the time-dependent, ripple-averaged horizontal sand fluxes
as a function of the vertical position above the ripple crest level (at z/η = 0).

The ripple-averaged sand fluxes are dominated by an onshore sand flux at
t/T ≈ 0.2 and an offshore sand flux between t/T = 0.5 and t/T = 0.6. The first
peak is generated by vortex shedding at the offshore flank and maximum onshore
flow. This onshore-directed flux pattern does not have significant phase changes
with height. The second peak is due to vortex shedding at the onshore ripple
flank, and shows an increasing phase lag with height above the bed (≈ 0.05 at
z = η). The sand fluxes decrease rapidly in magnitude with height above the
bed and at z = η fluxes are one order of magnitude smaller than close to the
ripple crest level (z = 0).

7.4.2 Time-averaged sand fluxes

Assuming that the contributions of the turbulent components are negligible, the
time-averaged sand fluxes can be described by:

in x-direction: 〈ϕx(x, z)〉 = 〈u(x, z)〉 · 〈c(x, z)〉 + 〈ũ(x, z, t) · c̃(x, z, t)〉 (7.4)

in z-direction: 〈ϕz(x, z)〉 = 〈w(x, z)〉 · 〈c(x, z)〉 + 〈w̃(x, z, t) · c̃(x, z, t)〉 (7.5)

where the left terms on the right-hand side represent the current-related sand
flux and the right terms the wave-related sand flux, see also Section 2.3. Fig-
ure 7.10 shows these components of the net (time-averaged) sand flux.

The total net sand flux is onshore-directed at the offshore ripple flank, while
stronger offshore-directed net sand fluxes can be observed above the other ripple
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Figure 7.9: The time-dependent, ripple-averaged horizontal sand flux for experiment
Mr5b as a contour plot (upper panel) and at four elevations above the ripple crest
level (lower panel).

flank. Below the ripple crest level, net sand fluxes are dominated by the current-
related component, with sand fluxes directed towards the ripple crest due to
circulation cells that appear in the time-averaged flow field above ripples. Above
this, the net wave-related sand flux dominates with relatively strong offshore
sand fluxes above the onshore ripple flank due to offshore vortex shedding,
while above the other ripple flank the onshore wave-related net sand fluxes are
small.

This behaviour is also reflected in the time- and bed-averaged horizontal
flux components shown in Figure 7.11. In a lower layer of about 1.5η above the
ripple crest level, the net current-related flux and net wave-related flux are in
the offshore direction and, except very close to the ripple crest, the wave-related
flux dominates. Higher up in the flow the net wave-related flux is still offshore-
directed, but the net current-related flux is onshore-directed and is dominant,
resulting in a small onshore total net flux. The total net transport above the
ripple crest level (for z/η > 0) is offshore-directed. It is concentrated in the
layer z/η < 1. The largest part of this transport (67%) is wave-related.
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7.5 Conclusions

A new data set of the detailed, time-dependent suspended sand concentration
and sand flux field above rippled beds was obtained for different regular asym-
metric oscillatory flow conditions. For the first time this was done for mobile
ripples and full-scale wave conditions.

The measured time-dependent concentrations provide detailed information
on the time- and spatially-varying characteristics of the concentration field over
ripples. The concentration field is dominated by the formation and ejection of
the vortices on the onshore ripple flank. These vortices are responsible for three
concentration peaks: one just after on-offshore flow reversal associated with the
passage of a sand-laden vortex followed by two smaller peaks due to advected
suspension clouds generated at the neighbouring onshore ripples. Close to the
ripple crest there are also two other, even smaller peaks present associated with
off-onshore flow reversal and maximum onshore flow.

From the time- and bed-averaged concentration data it is concluded that
in the important near-bed region (for z < 2η) the time- and bed-averaged
concentration profile is best described by a height-independent sand diffusivity.
Therefore, the time- and bed-averaged concentrations immediately above ripples
are best described by an exponential profile with a reference concentration c0
and concentration decay length Rc.

The time-dependent concentration measurements have been combined with
PIV velocity measurements to compute the instantaneous sand fluxes. The tem-
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poral variation in the sand fluxes and concentrations are similar. The sand flux
is dominated by an offshore flux related to the suspended sand cloud generated
by vortex shedding from the onshore flank of the ripple around the time of
on-offshore flow reversal. Just after off-onshore flow reversal and around maxi-
mum flow onshore sand flux peaks are present related to vortex shedding at the
offshore ripple flank and maximum onshore flow respectively.

In a lower layer of about 1.5η above the ripple crest level, the net current-
related flux and net wave-related flux are in the offshore direction and, except
very close to the ripple crest, the wave-related flux dominates. Higher up in
the flow the net wave-related flux is still offshore-directed, but the net current-
related flux is onshore-directed and is dominant, resulting in an onshore total
net flux. The total net transport above the ripple crest level (for z/η > 0) is
offshore-directed. It is concentrated in the layer z/η < 1. The largest part of
this transport is wave-related.
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Chapter 8

Net sand transport over rippled beds?

Abstract: In this chapter we combine new and existing data to make a large data

set of net sand transport in full-scale regular and irregular oscillatory flows to test

and improve practical sand transport models. The transport over rippled beds in

oscillatory flow cannot be modelled in a quasi-steady way, because of unsteady phase

lag effects that are very important in the case of ripple regime transport. The models

of Nielsen (1988) and Dibajnia and Watanabe (1996) include these unsteady effects but

have been calibrated against data from small-scale experiments and do not perform

well for the combined data from full-scale experiments. A new sand transport model is

proposed based on a modified half wave-cycle concept. The magnitudes of the four half

wave-cycle transport contributions are related to the grain-related Shields parameter,

the degree of flow asymmetry and a newly-defined vortex suspension parameter P ,

which is the ratio of the ripple height and the median grain-size. The new model has

been calibrated using transport data from regular oscillatory flow experiments and has

subsequently been validated using other data, including measurements from irregular

oscillatory flow experiments. The new model performs better overall than existing

practical models for ripple regime net sand transport.

8.1 Introduction

Many investigators have attempted to model the wave-induced sand transport
over ripples. These models can be divided into research and practical models
(see Davies et al., 2002). Research models represent many of the detailed phys-
ical processes involved in sand transport by waves and currents over rippled
beds, and resolve the vertical and sometimes also the horizontal structure of
the time-dependent (intra-wave) velocity and sand concentration fields. Such
models are complex, require long computation times and are therefore generally
not implemented in coastal morphological models. The present chapter focuses
on practical modelling of sand transport processes over rippled beds. By com-
parison with research models, practical models require short computation times
and can be implemented easily in coastal morphological models. However, they
do not resolve the spatial and temporal structure of the velocity and sand con-
centration fields.

?Large parts of this chapter are based on Van der Werf, J.J., Ribberink, J.S. O’Donoghue,T.
and Doucette, J.S, Modelling and measurement of sand transport processes over full-scale
ripples in oscillatory flow, Coastal Eng., in press.
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Table 8.1: Sources of net transport data from large-scale laboratory experiments
involving rippled beds. RA94 denotes Ribberink and Al-Salem (1994); C01 Clubb
(2001); Wsub Van der Werf et al. (in press). Key for oscillatory flow type: RA =
regular asymmetric; IA = irregular asymmetric.

No. Ref. Facility D50 No. of exp. T, Tp R ψ√
2rms

(mm) RA IA (s)

1. New LOWT 0.22 · · · 1 10.2 0.51 35
2. 0.35 8 · · · 5.0-10.0 0.63 32-127
3. New AOFT 0.44 3 · · · 5.0 0.58-0.59 14-62

4. RA94 LOWT 0.21 · · · 6 5.0-9.1 0.62 24-64
5. C01 AOFT 0.34 4 · · · 5.0,10.0 0.63 52-102
6. Wsub AOFT 0.22 4 · · · 3.1-10.0 0.63 40-90
7. 0.44 5 · · · 3.1-10.0 0.63 20-54
8. 0.22 · · · 2 3.5,12.5 0.63 41,52
9. 0.44 · · · 5 3.5-12.5 0.63 20-52

Total 24 14

In Chapter 4 a description is given of a new extensive experimental study
carried out in the Aberdeen Oscillatory Flow Tunnel (AOFT) at the University
of Aberdeen and in the Large Oscillating Water Tunnel (LOWT) at WL|Delft
Hydraulics. Net transport rates were measured at full-scale for 12 different
regular and irregular oscillatory flow conditions.

The aim of this chapter is to present and analyse these new transport data
and to use this new data set and existing full-scale data-sets to test and improve
existing practical sand transport models. This chapter starts with an overview
of the experimental data. In Section 8.3 the transport models of Nielsen (1988),
Dibajnia and Watanabe (1996) and Ribberink (1998) are compared with the
data. In the next section a new ripple regime sand transport model is devel-
oped and validated with other independent data sets. Section 8.5 contains the
conclusions.

8.2 Experimental data

The test conditions from the new experiments are summarised in the first three
rows of Table 8.1; the new net transport data can be found in Chapter 5,
Table 5.1. Table 8.1 also includes summaries of previous full-scale laboratory
experiments on net sand transport over rippled beds in asymmetric oscillatory
flows, data from which are used in this chapter. This table shows the number
of experiments involving each of two oscillatory flow types - regular asymmetric
(RA) and irregular asymmetric (IA) - and the mobility number ψ√

2rms based

on u =
√

2urms. The data sets have been numbered from 1 to 9.
The combination of data from the new experiments with data from the

previous studies makes a large data set of net sand transport for oscillatory flows
with field-scale amplitudes and periods in the rippled bed regime. The measured
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Figure 8.1: Net transport rates from the combined data set as function of the grain-
related Shields parameter. Open circles: regular oscillatory flows; closed circles: irreg-
ular oscillatory flows.

net transport rates from the combined data set are presented in Figure 8.1. The
transport rates are normalised in the following way:

Φ =
〈qs〉

√

∆gD3
50

(8.1)

and plotted against the grain-related Shields parameter θ′ calculated using
Eq. (2.1) with the friction factor based on Swart (1974) with a roughness of
2.5D50. A distinction is made between regular and irregular oscillatory flows.

This figure shows that in most cases the net transport rates are negative
(i.e. ’offshore-directed’), while in all cases the maximum onshore orbital velocity
peak was larger than the maximum offshore orbital velocity peak (second-order
Stokes waves). The underlying mechanism of this wave-related transport against
the wave propagation in case of asymmetrical waves is the existence of phase
differences between the peak concentrations and peak velocities related to the
generation of vortices on the lee-side of steep ripples, which is discussed in
Chapters 6 and 7. In general, net transport becomes increasingly offshore-
directed for higher Shields parameters.
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However, there is a substantial number of experiments with positive (’onshore-
directed’) net transport, especially for the irregular oscillatory flow experiments.
Furthermore, net transport does not appear to be a simple function of the
Shields parameter. For example, regular oscillatory flow experiment T4-07 from
the new series and irregular oscillatory flow experiment B2 from Ribberink and
Al-Salem (1994) both have a grain-related Shields parameter of 0.29, but very
different net transport rates: Φ = −0.67 for T4-07 and Φ = +0.34 for B2.

We will now use this combined data set to test and improve the practical
sand transport models of Nielsen (1988), Dibajnia and Watanabe (1996) and
Ribberink (1998).

8.3 Assessment existing practical sand transport models

In this section the semi-unsteady models of Nielsen (1988) and Dibajnia and
Watanabe (1996) and the quasi-steady model of Ribberink (1998) are compared
with the combined data set of net transport in full-scale oscillatory flows. These
models have been described in Chapter 3.

Because some of the scatter in Figure 8.1 may be systematically related to
flow irregularity and because existing models are developed for regular oscil-
latory flow conditions, we first compare the models with part of the regular
oscillatory flow data listed in Table 8.1 (numbers 2, 6 and 7).

The orbital excursion amplitude a and the mobility number ψ are computed
using u =

√
2urms. The grain-related Shields parameter θ′ is calculated using

Eq. (2.1) with the friction factor based on Swart (1974) with a roughness of
2.5D50. The fall velocities are computed with the formula of Van Rijn (1993):

ws =
10ν

D

(
√

1 +
0.01∆gD3

ν2
− 1

)

(8.2)

with D = 0.8D50, based on measurements of the grain-size of suspended sand
during the Series 2 experiments. In the Dibajnia and Watanabe model, critical
values (ωcr) are taken based on a linear interpolation between 0.03 and 0.05 for
D50 = 0.18 and 0.87 mm, which are critical values suggested by Dibajnia and
Watanabe (1996) following comparison with the Watanabe and Isobe (1990)
data.

Figure 8.2 shows a comparison between the measured and predicted non-
dimensional transport rates ranging from onshore (positive values) to offshore
(negative values). The axes have a log-scale, and are combined at Φ = +10−3

and Φ = −10−3, since it is not possible to take the log of zero.
The model of Nielsen (N88) overpredicts the absolute transport rate with a

factor of at least 10 for a substantial number of cases. This could be due to
the fact that this model is based on small-scale flume experiments during which
the transport processes were not simulated at the correct scale. The N88 model
always predicts negative, ’offshore-directed’ transport, while the AOFT data
includes two conditions with onshore transport rates. The ’grab-and-dump’
concept is thus too simple to describe the full-scale wave-induced transport
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Figure 8.2: Comparison of the transport models of Nielsen (1988) (open circles),
Dibajnia and Watanabe (1996) (closed triangles) and Ribberink (1998) (open squares)
with the measured transport rates under regular oscillatory flows. The solid line
denotes perfect agreement, the dashed lines a factor 10 difference.

process reliably. The Dibajnia and Watanabe (DW96) model shows reasonably
good agreement with the measured absolute transport rates, but it predicts the
wrong transport direction in 24% of the cases. The choice of the critical value
ωcr, which determines the distribution of sand between the two half wave-cycles,
is of crucial importance. This critical value lies, depending on the grain-size,
between 0.03 and 0.05, indicating that, in general, a large part of the onshore-
entrained sand is transported in the offshore direction. As with the grab-and-
dump model, this results in negative transport rates under most conditions. The
model of Ribberink (R98) predicts net onshore transport for all experiments and
takes no account of unsteady phase lag effects which are very important in the
case of ripple regime transport.

This assessment shows that the quasi-steady bedload model of Ribberink
(1998) cannot reliably predict the net transport over fully-developed vortex rip-
ples in oscillatory flows. This is due to the fact that vortex shedding around rip-
ples leads to an important time-dependent suspended transport, which cannot
be modelled in a quasi-steady way where phase lags between concentrations and
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velocities are not taken into account. Furthermore, the grab-and-dump model
of Nielsen (1988) and the model of Dibajnia and Watanabe (1996), which are
both based on small-scale data sets and include the time-dependent effects, are
not able to predict the net transport over rippled beds in full-scale oscillatory
flows in an adequate way.

8.4 New practical sand transport model

8.4.1 Concept

The previous sections showed that the net sand transport over rippled beds in
oscillatory flow can be onshore- or offshore-directed. The direction of the net
transport rate over ripples is expected to be determined by the ratio of bedload
and suspended load transport. During the onshore half cycle, the offshore rip-
ple slope exhibits high bedload transport in a layer of sand that is swept over
the crest. Some of the sand swept over the crest is suspended in the flow and
transported back in the offshore direction but a proportion of the sand stays
close to the bed and falls down the onshore slope of the ripple. Due to the flow
asymmetry, less sand is entrained along the onshore face of the ripple during the
offshore half cycle and therefore a much smaller amount of sand is transported
as suspended load in onshore direction and as bedload over the ripple crest
in offshore direction. As a consequence, net transport is positive (’onshore’)
if the sand is mainly transported as bedload (close to the bed). However, if
suspended sand transport becomes dominant, the total net transport rate can
become negative (’offshore’) due to phase lags between flow and concentration
induced by the lee-side vortices in combination with flow asymmetry. The mea-
surements reported in Chapter 7 indeed showed that the net sand fluxes were
offshore-directed in a regular oscillatory flow experiment where suspension was
the dominant transport mode.

We have tried a number of parameters to describe the importance of sus-
pended load with respect to bedload and thereby the direction of net transport
(e.g. the ratio of the shear velocity and the fall velocity u∗/ws), but these did
not work. As it is shown in Figure 9.4 that the concentration decay length
is strongly correlated to the ripple height (since the size of the lee vortex is
strongly related to the ripple height), we hypothesise that the ripple height is
a measure for the vertical mixing intensity of the flow. As bedload is more
important for coarser grains, it is hypothesised that the ratio of ripple height
and median grain-size is a measure of the ratio of suspended load and bedload
transport in active vortex shedding conditions. Thus, we define the following
vortex suspension parameter P :

P =
η

D50
(8.3)

to represent the intensity of the sand suspension. It is expected that for large
P (corresponding to high ripples and fine sand) suspended transport is domi-
nant, resulting in offshore-directed net transport, while net transport is positive
(onshore-directed) for small P where bedload is the dominant transport mode.
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Figure 8.3: Influence vortex suspension parameter P and grain-related Shields pa-
rameter θ′ on the measured transport rate under regular oscillatory flows.

Although the vortex suspension parameter could control the direction of net
transport, it is probably not fully responsible for the absolute magnitude of the
net transport rate. Consider, for example, two cases with the same grain-size
and orbital diameter, but different flow periods. Since, at least for low mobility
numbers, the ripple height scales with the orbital diameter (see Chapter 5), the
ripple height will be very similar for the two cases, resulting in very similar values
of P . However, the orbital velocity and the grain-related Shields parameter are
larger for the case with the shorter flow period. Consequently, the sand stirring
force on the bed will be larger.

The combined influence of the grain-related Shields parameter and the vortex
suspension parameter on the net transport rate is shown in Figure 8.3 for the
regular oscillatory flow data listed in Table 8.1 (numbers 2, 6 and 7). This figure
shows the influence of the vortex suspension parameter P on the measured non-
dimensional transport rates for two ranges of the grain-related Shields parameter
θ′. It is shown that for decreasing values of P the net transport becomes less
negative and for P . 70 positive values are found. For large Shields numbers
θ′ > 0.40 the net transport rates tend to show higher negative values.

Based on this observation we will now include this parameter P in a new
transport model. Following the half wave-cycle concept of the Dibajnia and
Watanabe (1992) approach, we use parameter Γ to represent the net transport
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rate:

Γ =
ucTc

(

Ω3
c + Ω′3

t

)

− utTt

(

Ω3
t + Ω′3

c

)

(uc + ut)T
(8.4)

where Tc and Tt are the times during which the velocity is positive and negative
respectively, and uc and ut are the equivalent velocity amplitudes under the
’wave crest’ and the ’wave trough’. If the velocity function has the same form
as the near-bed flow beneath Stokes second-order waves:

u(t) = u1 cos (ωt) + u2 cos (2ωt) (8.5)

with ω = 2π/T and u1 and u2 the first- and second-order velocity amplitudes,
then Tc, Tt, uc and ut are defined by:

Tc =
T

π
arccos

(

−u1 +
√

u2
1 + 8u2

2

4u2

)

(8.6)

Tt =T − Tc (8.7)

u2
c =

2

Tc

Tc
∫

0

u2 dt (8.8)

=2u2
1 + 2u2

2 +
u2

1 sin (ωTc) + 1
2u

2
2 sin (2ωTc)

ωTc

+
u1u2

[

4 sin
(

1
2ωTc

)

+ 4
3 sin

(

3
2ωTc

)]

ωTc

u2
t =

2

Tt

T
∫

Tc

u2 dt (8.9)

=
T
(

u2
1 + u2

2

)

− Tcu
2
c

Tt

In Eq. (8.4), Ωc represents the amount of bedload and suspended load trans-
ported in onshore direction; Ω′

c the amount of onshore entrained, offshore trans-
ported suspended load; Ωt represents the amount of bedload and suspended load
transported in offshore direction; and Ω′

c the amount of offshore entrained, on-
shore transported suspended load.

The magnitudes of these contributions depend on parameter P . If P is larger
than a critical value, Pcr, the total amount of entrained sand during a half wave-
cycle should be divided into two parts: one part transported as bedload and
suspended load during the same half cycle (Ωi, i = c or t), and the second part
is transported as suspended load during the next half cycle and in the opposite
direction (Ω′

i). The larger the value of P , the more suspended sand will be
delivered to the next half wave-cycle. Hence, we may assume that this second
part is, to a first approximation, proportional to the amount by which P exceeds
Pcr. We further assume that Ωc can be described by the grain-related Shields
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parameter under the wave crest θ′c and that Ωt can be described by the grain-
related Shields parameter under the wave trough θ′t. A threshold of motion for
sand grains is included using the critical Shields parameter θcr as a function of
the non-dimensional grain-size D∗, as follows (Van Rijn, 1993):

θcr =































0.24D−1
∗ for 1 < D∗ < 4

0.14D−0.64
∗ for 4 < D∗ < 10

0.04D−0.1
∗ for 10 < D∗ < 20

0.013D0.29
∗ for 20 < D∗ < 150

0.055 for D∗ > 150

(8.10)

with D∗ calculated using:

D∗ = D50

(

∆g

ν2

)1/3

(8.11)

in which ν is the kinematic viscosity.
Based on the above interpretation, the following relations are used to esti-

mate values of Ωc, Ω′
c, Ωt and Ω′

t:

Ωc =

{

(θ′c − θcr) if P ≤ Pcr

Pcr

P (θ′c − θcr) if P > Pcr

(8.12)

Ωt =

{

(θ′t − θcr) if P ≤ Pcr

Pcr

P (θ′t − θcr) if P > Pcr

(8.13)

Ω′
c =

{

0 if P ≤ Pcr
(P−Pcr)

P (θ′c − θcr) if P > Pcr

(8.14)

Ω′
t =

{

0 if P ≤ Pcr
(P−Pcr)

P (θ′t − θcr) if P > Pcr

(8.15)

with the grain-related Shields parameters defined by:

θ′c = 1
2f

′ u2
c

∆gD50
(8.16)

θ′t = 1
2f

′ u2
t

∆gD50
(8.17)

with f ′ the friction factor based on Swart (1974) with a roughness of 2.5D50:

f ′ = exp

[

5.213

(

2.5D50

a

)0.194

− 5.997

]

(8.18)

a =

√
2urmsT

2π
(8.19)
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The net transport rate is described by:

Φ =
〈qs〉

√

∆gD3
50

= α |Γ|β Γ

|Γ| (8.20)

where α and β are calibration coefficients.
Eqs. (8.12)-(8.15) imply that both the bedload and suspended load transport

are larger during the onshore half cycle for asymmetric flows with larger onshore
velocities, but the part of the sand load that is transported in the following
half cycle (Ω′

i/Ωi, i = c or t) is the same for both half cycles. Provided that
vortex shedding occurs in both half cycles, this appears to be a reasonable first
assumption. As a result of flow asymmetry, the vortex generated during the
onshore half cycle is stronger and supports more sand in suspension than the
vortex generated during the offshore half cycle. At the moment, this asymmetry
effect is (implicitly) accounted for through the amounts of onshore- and offshore-
entrained sand, which depend on the flow asymmetry. A further refinement of
the new modelling concept could be to incorporate the flow asymmetry effect
on the suspension intensity explicitly.

8.4.2 Calibration

In the model, the net transport rate becomes negative (’offshore’) when more
sand is transported during the ’offshore’ half-cycle than during the ’onshore’
half-cycle. This is the case when P is approximately twice as large as Pcr.
Since Figure 8.3 showed that the net transport rates are negative for P > 70
but positive for P < 70, Pcr is estimated to have a value of 35. Using these
new parameter settings, absolute values of the transport parameter |Γ| were
fitted against the absolute values of the the non-dimensional transport rate
|Φ|. Figure 8.4 shows that a reasonably good relation exists between these two
parameters:

|Φ| = 6.75 |Γ|0.62
(8.21)

with a goodness of fit of R2 = 0.70. Consequently, the formula for the net
transport reads:

Φ =
〈qs〉

√

∆gD3
50

= 6.75 |Γ|0.62 Γ

|Γ| (8.22)

To compare: in the model of Dibajnia and Watanabe (1996) the power of trans-
port parameter |Γ| was 0.50.

The proposed model is in good agreement with the transport data: 100%
of the predictions lie within a factor 10 of the measured values, 88% within a
factor 5 and 35% within a factor 2.

8.4.3 Validation

In the previous section it is shown that the new transport model gives better
agreement with the measured net transport data than the existing models of
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Figure 8.4: Calibration of new sand transport model on the basis of regular flow
data. The solid line is Eq. (8.21), the dashed lines denote a factor 10 difference.

Nielsen (1988), Dibajnia and Watanabe (1996) and Ribberink (1998). Of course,
it should be understood that the new model is calibrated with this particular
data set. Therefore, validation against other data sets is required. Furthermore,
the new model is developed for regular asymmetric oscillatory flow conditions.
However, the waves that appear on the sea and ocean surface are in general
random (irregular) and consist of a spectrum of waves with different periods and
amplitudes. The question arises whether the new model - which was developed
for regular oscillatory flow conditions - is also valid for irregular oscillatory flow
conditions.

Therefore, the new transport model is compared with other net transport
measurements for regular oscillatory flows (data sets 3 and 5 in Table 8.1) and for
irregular oscillatory flows (data sets 1, 4, 8 and 9 in Table 8.1). This validation
data set contains 21 different experiments covering a wide range of flow and
sand conditions.

As a first assumption, the irregular flows are treated as regular flows in the
new model using as hydrodynamic input the peak period Tp, the root-mean-
square orbital velocity urms and the degree of asymmetry R defined by:

R =
u1/3,on

u1/3,on + u1/3,off
(8.23)

where u1/3,on is the mean of the highest one-third positive (’onshore’) velocity
peaks, u1/3,off is the mean of the highest one-third negative (’offshore’) velocities
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Figure 8.5: Comparison of the new transport model with measured net transport
rates under regular (open circles) and irregular (closed triangles) oscillatory flows.
The solid line denotes perfect agreement, the dashed lines a factor 10 difference.

peaks respectively. u1 and u2 are then calculated using:

u1 =

√

2u2
rms

1 + (2R− 1)
2 (8.24)

u2 =

√

2u2
rms

u2
1

(8.25)

and then the net transport rate is calculated using Eqs. (8.3)-(8.22). Figure 8.5
shows the result of the validation test by comparing measured and predicted
transport rates. The new formula shows good agreement with both the regular
and irregular oscillatory flow data. Except for one experiment, the transport
direction is predicted correctly for the regular flow data, 86% of the predictions
lie within a factor 5 of the measurements and the correlation coefficient R2 has
a value of 0.88. For the irregular flow data the level of agreement between the
model predictions and the data is of the same order: the new formula predicts
the correct transport direction in 93% of the cases, 86% of the prediction lie
within a factor 5 of the measurements and the correlation coefficient R2 has a



8.5. Conclusions 141

value of 0.86.
The models of Nielsen (1988) and Dibajnia and Watanabe (1996) have also

been tested against the validation data set. As for the new model, the irregular
oscillatory flows are treated as regular oscillatory flows using as hydrodynamic
input, the peak period, the root-mean-square orbital velocity and the degree of
asymmetry. This comparison shows that 0% of the Nielsen-predicted transport
rates are within a factor 5 of the measured values, while this is 48% for the
DW96 model. The new model performs better with 86% of the predictions
within a factor 5 of the measured values. The correlation coefficient for the new
model is 0.92, which is considerably higher compared with the other models.

8.5 Conclusions

In this chapter new net transport data and net transport data from previous
studies are combined to make a large data set of net sand transport in regular
and irregular oscillatory flows with field-scale amplitudes and periods. The
net transport rates are negative (i.e. ’offshore-directed’) in most cases, while
the maximum onshore orbital velocities are larger than the maximum offshore
orbital velocities. This is due to strong phase differences between maximum
concentrations and maximum orbital velocities.

Transport data for regular oscillatory flow conditions were used to assess
the practical sand transport models of Nielsen (1988), Dibajnia and Watan-
abe (1996) and Ribberink (1998) for full-scale ripple regime conditions. The
quasi-steady bedload model of Ribberink (1998) cannot reliably predict the net
transport over fully-developed vortex ripples in oscillatory flows because it does
not account for the unsteady phase lag effects that are very important in the case
of ripple regime transport. The other two transport models include unsteady
effects but have been calibrated against data from small-scale experiments. The
Nielsen model predicts the correct transport direction in most cases, but largely
overpredicts the magnitude of the transport. Conversely, the Dibajnia and
Watanabe model gives the correct magnitude of the transport, but predicts the
wrong transport direction in a substantial number of cases.

A new transport model is proposed to predict the net transport over full-
scale ripples in oscillatory flows based on a modified half wave-cycle concept.
The magnitudes of the four half wave-cycle transport contributions are related
to the grain-related Shields parameter, the degree of flow asymmetry and the
newly-defined vortex suspension parameter P , which is the ratio of the ripple
height and the median grain-size. The new model has been calibrated using
transport data from regular oscillatory flow experiments and has subsequently
been validated using other data, including measurements from irregular oscil-
latory flow experiments. The new model performs better overall than existing
practical models for ripple regime net sand transport. The validity of the new
model is limited to the following parameter ranges: root-mean-square mobility
number ψ√

2rms = 20 − 103, flow Reynolds number Re = 1.2 · 105 − 3.4 · 106

(based on u =
√

2urms) and median grain-size D50 = 0.21 − 0.44 mm.
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Chapter 9

1DV modelling of sand transport

processes over rippled beds

Abstract: In this chapter we investigate whether it is possible to describe the flow

and sand transport over rippled beds in regular oscillatory flow with a 1DV boundary

layer model. For that purpose we test the model of Davies and Thorne (2005) against

new and existing full-scale data. The combined data set is also used to assess and im-

prove empirical formulas to predict the time- and bed-averaged concentration profile,

which form the basis of the 1DV model. The 1DV model is found to give reasonable

predictions of the general wave-related transport phenomena. However, it is not able

to reproduce the measured time- and bed-averaged velocity profile. This is proba-

bly related to differences in parameter ranges between the experimental data used for

model development and the new experiments used for model assessment. Except for a

lower layer with a thickness of about half a ripple height, the predicted upward propa-

gation of concentration peaks lags behind the data, because the mixing above rippled

beds is a convective process that cannot be modelled adequately with the gradient

diffusion approach applied in the model. We propose three model adjustments, which

result in improved predictions of the sand transport processes.

9.1 Introduction

Davies and Thorne (2005) developed a one-dimensional vertical (1DV) model
for the flow and transport above steep, wave-induced sand ripples. The model
has been compared with detailed acoustic backscatter measurements by Thorne
et al. (2003) of the spatial and temporal structure of the suspended concentra-
tion field above ripples at full-scale. However, the model has not been compared
to detailed measurements of the flow and sand flux field, and to net transport
measurements. A description of the model can be found in Section 3.5.2.

In previous chapters, we have presented the results of two new experimental
series involving full-scale oscillatory flows over rippled beds. One was focussed
on time-averaged processes for a large number of flow and sand conditions, and
one was focused on the detailed, time-dependent processes for a selected number
of conditions. These two new data sets and other full-scale data sets are used in
this chapter to address the following research question: is it possible to describe
the flow and sand transport over rippled beds in oscillatory flow with a 1DV
boundary layer model?
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Table 9.1: Experimental data used for assessment of the 1DV model. C01 denotes
Clubb (2001); Wsub Van der Werf et al. (submitted).

Ref. Exp. D50 T u1 u2 B Re1 a1/ks

(mm) (s) (m s−1) (m s−1) (105)

New T4-05 0.35 5.0 0.55 0.14 0.25 2.4 2.6
T5-05 0.35 5.0 0.69 0.17 0.25 3.7 3.9
T4-07 0.35 7.5 0.55 0.14 0.25 3.6 2.2
T5-07 0.35 7.5 0.69 0.17 0.25 5.6 2.4
T4-10 0.35 10.0 0.55 0.14 0.25 4.8 2.5
T5-10 0.35 10.0 0.69 0.17 0.25 7.5 2.8
T6-10 0.35 10.0 0.82 0.21 0.25 10.8 3.0

New Mr5a 0.44 5.0 0.32 0.06 0.18 0.8 1.6
Mr5b 0.44 5.0 0.54 0.09 0.17 2.3 1.2
Mr5c 0.44 5.0 0.65 0.12 0.19 3.4 1.5

C01 RR3a 0.34 5.0 0.67 0.17 0.25 3.6 2.0
R4a 0.34 5.0 0.73 0.18 0.25 4.2 2.1

RR10a 0.34 10.0 0.52 0.13 0.25 4.3 1.6
R11a 0.34 10.0 0.67 0.17 0.25 7.2 1.7

Wsub Mr3 0.44 3.1 0.41 0.10 0.25 0.8 1.5
Mr4 0.44 4.1 0.48 0.12 0.25 1.5 1.5
Mr5b 0.44 5.0 0.60 0.15 0.25 2.9 1.3
Mr7 0.44 7.4 0.55 0.14 0.25 3.5 1.3
Mr10 0.44 10.0 0.37 0.09 0.25 2.2 1.3

Since the flow and transport above ripples are two-dimensional vertical or
even three-dimensional processes, we do not expect that the 1DV model is able
to give a very good description of the detailed velocities and concentrations close
to the ripple surface. We aim to get good predictions of general bed-averaged
flow and transport processes, especially the net transport rate, with a relatively
simple model that captures the important physics of the phenomenon.

Table 9.1 presents an overview of the experimental data used for assessment
of the 1DV model. This table includes new and existing full-scale experiments
involving regular asymmetric oscillatory flows over 2D ripples. This table shows
the flow asymmetry parameter B = u2/u1, the Reynolds number Re1 = a1u1/ν,
and the relative roughness a1/ks. Herein a1 = u1/ω is the near-bed excursion
amplitude, ν = 10−6 m2 s−1 the kinematic viscosity of water and ks = 25η2/λ
the equivalent bed roughness.

According to Davies and Thorne (2005), their model may be considered
applicable in the range of relative roughness 1 < a1/ks < 5 and of flow Reynolds
number O(103) < Re1 < O(105) in full-scale conditions. Except for experiment
T6-10, the experiments listed in Table 9.1 have parameter settings within these
ranges.
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The selected temporal distribution of the model is 100 time steps per flow
cycle, while the vertical distribution exists of 65 vertical intervals on a log-linear
grid (smaller grid distances closer to the bed) between z = ks/30 and z = h,
with h the water depth. Preliminary analyses showed that a simulation of 1000
flow cycles gives a reliable prediction of the net sand transport, while keeping
the computational time limited (Van der A, 2005). In the model the level z = 0
corresponds to the ripple-averaged bed level, which is 0.5η below the ripple
crest level. In the figures below the origin of the z-axis corresponds to the
ripple crest level, consistent with figures presented in previous chapters. The
settling velocity of suspended material is computed using the formula of Van
Rijn (1993), Eq. (8.2), with D = 0.8D50 based on measurements of the grain-
size of suspended sand during the Series 2 experiments. The model is driven
with the measured flow velocity about three ripple heights above the ripple crest
level.

This chapter starts with a comparison of different formulas to predict the
reference concentration and the concentration decay length using the new data
set and existing full-scale data sets as described in Section 7.3.2 (Table 7.1).
On the basis of the comparison, improvements to these formulas are proposed.
In Section 9.3 the 1DV model is compared with the new measurements of the
detailed flow, concentration and sand flux field. In the next section adjustments
to the 1DV model are proposed, and the original and adjusted 1DV model are
tested against net transport data from new and previous full-scale experiments.
The conclusions are presented in the final section.

9.2 Time- and bed-averaged concentration profile

9.2.1 Model assessment

Description of the time- and bed-averaged concentrations with an exponential
profile, Eq. (7.1), requires expressions for the reference concentration c0 and the
concentration decay length Rc. Bosman and Steetzel (1986), Nielsen (1986),
Nielsen (1990) and Lee et al. (2004) proposed formulas based on extensive data
sets from both field and laboratory experiments.

Bosman and Steetzel (1986) performed experiments in the small oscillating
water tunnel of WL|Delft Hydraulics with sinusoidal waves using sand with
median grain-size D50 = 0.22 mm. They proposed for the volumetric reference
concentration at the averaged bed level (spatially averaged over the ripples):

c0 =
M0

ρs

û3.5

T 2
(9.1)

for T < 7 s and û < 0.5 m s−1, and where coefficient M0 depends on the bed
material. Bosman and Steetzel found M0 = 3000 kg s5.5 m−6.5 for the 0.22 mm
sand. Their formula for the concentration decay length reads:

Rc = R0
T

ws
(9.2)
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for T < 5 s with R0 a coefficient depending on the fall velocity. For the 0.22 mm
sand, Bosman and Steetzel found R0 = 0.00022 m2 s−2.

The formulas of Nielsen (1986,1990) for the volumetric reference concentra-
tion at a reference height corresponding to the ripple crest level and for the
concentration decay length are:

c0 = 0.005θ3
r (9.3)

θr =
θ′

(1 − πη/λ)
2 (9.4)

Rc =

{

0.075aωη/ws for aω/ws < 18

1.4η for aω/ws > 18
(9.5)

with θr the ripple-related Shields parameter. These expressions were based on
laboratory experiments as well as field measurements with θr = 0.3 − 3.0.

Lee et al. (2004) derived an expression for the volumetric reference concen-
tration based on ABS measurements at two different field sites of which one was
strongly influenced by both wave- and wind-driven currents and one was char-
acterised as a wave-dominated environment. The measurements were carried
out at three different water depths of 13, 15 and 20 m, the median grain-size
of bed sand was 0.12, 0.29 and 0.35 mm, mean orbital velocities were 0.167,
0.189 and 0.190 m s−1 and the mean current velocities were 0.095, 0.095 and
0.140 m s−1. Their expression for the reference concentration 0.01 m above the
local bed level reads:

c0 =
2.58

ρs

(

θ′
u∗
ws

)1.45

(9.6)

where the constant 2.58 has units kg m−3 and u∗ =
√
θ′∆gD50 is the friction

velocity. The duration of the ABS sampling was 4 − 12 minutes, and therefore
this formula is considered to describe the time- and bed-averaged concentration
at a reference level of 0.01 m above the averaged bed level.

Figure 9.1 shows a comparison between the reference concentrations pre-
dicted by these three formulas and the reference concentrations from the data
sets listed in Table 7.1. For regular oscillatory flows, computations are based
on u =

√
2urms and flow period T . For irregular oscillatory flows u = u1/3 =

0.5(u1/3,on +u1/3,off) is taken as velocity value and the peak period of the spec-
trum Tp is used. The fall velocities are computed with the formula of Van Rijn
(1993), Eq. (8.2), with D = 0.8D50, based on measurements of the grain-size
of suspended sand during the Series 2 experiments. The grain-related Shields
parameter θ′ is calculated using Eq. (2.1) with the friction factor based on Swart
(1974) using a roughness of 2.5D50. Since the formulas of Bosman and Steetzel
(1986) and Lee et al. (2004) are developed for the reference concentration at
the averaged bed level and 0.01 m above the averaged bed level respectively, a
fair comparison with the data requires calculation of the concentrations at these
levels. This was done by extrapolation using the measured c0 and Rc.
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Figure 9.1: Comparison between the measured reference concentration and the refer-
ence concentration predicted by the formulas of Bosman and Steetzel (1986), Nielsen
(1986) and Lee et al. (2004). The solid line denotes perfect agreement, the dashed
lines denote a factor 10 difference. Open circles: regular symmetric oscillatory flows;
closed circles: regular asymmetric oscillatory flows; open triangles: irregular symmet-
ric oscillatory flows; closed triangles: irregular asymmetric oscillatory flows.

This figure shows that the reference concentration is best predicted by the
Bosman and Steetzel (1986) formula (BS86), although it tends to predict too
large values. The Nielsen (1986) formula (N86) also generally overpredicts the
reference concentration (especially for high mobility numbers) and shows a large
scatter. The Lee et al. (2004) formula (L04) tends to underestimate the reference
concentrations. There does not seem to be an influence of the flow irregularity
on the performance of the BS86 and N86 formula, but the L04 formula per-
forms better for irregular oscillatory flows (although still worse than the BS86
formula). This could be due to the fact that the L04 formula is based on field
data only, with mainly irregular waves. There does not seem to be an influence
of the flow asymmetry on the performance of the three formulas.

Figure 9.2 shows a comparison between the measured and the predicted
concentration decay lengths by the formulas of Bosman and Steetzel (1986) and
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Figure 9.2: Comparison between the measured concentration decay length and the
concentration decay length predicted by the formulas of Bosman and Steetzel (1986)
and Nielsen (1990). The solid line denotes perfect agreement, the dashed lines denote
a factor 2 difference. Open circles: regular symmetric oscillatory flows; closed circles:
regular asymmetric oscillatory flows; open triangles: irregular symmetric oscillatory
flows; closed triangles: irregular asymmetric oscillatory flows.

Nielsen (1990). This figure shows that the concentration decay length is well
predicted by the Nielsen formula with 90% within a factor 2 difference. The
BS86 formula does not perform very well: it shows a rather large scatter and
it underpredicts the concentration decay length for mobility numbers larger
than 70. There does not seem to be an influence of flow irregularity on the
performance of both formulas, but the BS86 formula largely overpredicts the
concentration decay length for irregular asymmetric oscillatory flows.

9.2.2 Model improvement

Although the Bosman and Steetzel (1986) formula for the reference concentra-
tion shows good agreement with the data, it does not include a grain-size effect.
On the basis of oscillatory flow tunnel experiments, Van der Velden (1987) con-
cludes that c0 is proportional to D−2

50 . We assume that c0 ∝ D−2
50 also applies

for the present data set and reformulate the formula of Bosman and Steetzel in



9.2. Time- and bed-averaged concentration profile 149

10−6 10−5 10−4 10−3

10−4

10−3

10−2

10−1

(χ * ψ
rms
1.75) / D

*
1.25

c 0 (−
)

Figure 9.3: Calibration of new reference concentration formula. The solid line denotes
perfect agreement with Eq. (9.7) with K = 23.9, the dashed lines denote a factor 10
difference.

non-dimensional quantities:

c0 ∝ D−2
50 T

−2u3.5 or c0 = K
χψ1.75

D1.25
∗

(9.7)

where u is a representative velocity value, K a dimensionless calibration constant
and the wave period parameter χ and dimensionless grain-size D∗ are given by:

χ =
D50

∆gT 2
(9.8)

D∗ = D50

(

∆g

ν2

)1/3

(9.9)

In Eq. (9.7) the mobility number is computed using u =
√

2urms for both regular
and irregular oscillatory flows, and for irregular flows the peak period of the
spectrum Tp is used. The effect of flow irregularity is not explicitly taken into
account and the reference concentration is independent of the flow asymmetry,
which is in accordance with results from the full-scale tunnel measurements of
Clubb (2001).

A best fit of the linear function given by Eq. (9.7) to the combined ex-
perimental data gives K = 23.9, with correlation coefficient R2 = 0.82 (see
Figure 9.3). The new equation with K = 23.9 describes the measured reference
concentrations quite well: 69% of the measured reference concentrations are
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Figure 9.4: Measured ripple height against the concentration decay length. The
solid line denotes the fitted relation Rc = 1.24η, the dashed lines denote a factor 2
difference.

within a factor 2 of c0 given by the new equation, 98% are within a factor 5,
and 100% are within a factor 10. This is slightly better than the original BS86
formula with 58% within a factor 2, 85% within a factor 5, and 98% within a
factor 10. Moreover, the grain-size influence is included in the new formula for
the reference concentration.

A strong correlation between ripple height and concentration decay length
for fully-developed ripples is expected, since the diameter of (coherent) vortices
determines the length scale of the sand mixing process in the near-bed layer
above the ripples. Visual observations and the new time-dependent concentra-
tion and velocity measurements (see Chapters 6 and 7) show that the dimensions
of the vortices are approximately the same as the ripple heights. This strong
correlation was also noticed by Ribberink and Al-Salem (1994) on the basis of
their own data and other, small-scale flow tunnel data. Earnshaw et al. (1994)
performed particle image velocimetry measurements of the instantaneous ve-
locity patterns above solid ripples for four different flow conditions in a towing
tank and in a small-scale wave flume and found that the maximum radius of
the vortices was about one ripple height. At or just before flow reversal, the
vortices are shed and lifted to a height of about 1.5η which seems to be inde-
pendent of the flow condition. These detailed flow measurements support the
strong correlation between the ripple height and concentration decay length.
Figure 9.4 shows that Rc = 1.24η fits the present data quite well: 96% of the
measured concentration decay lengths are within a factor 2 of 1.24η. By com-
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parison, 90% of the measured concentration decay lengths are within a factor 2
of the Nielsen-predicted Rc.

9.3 Velocities, time-dependent concentrations and sand

fluxes

In this section the 1DV model is compared with the detailed velocity, concen-
tration and sand flux measurements from experiments Mr5a, Mr5b and Mr5c
(see Table 9.1). In order to be able to verify the time-dependent behaviour of
the model and to exclude the effect of wrongly-predicted ripple dimensions and
reference concentrations, we use the measured values as input for the model (see
Table 5.1).

9.3.1 Velocities

First, we compare the measured and predicted bed-averaged horizontal orbital
velocities. These orbital velocities are defined as follows:

uorb(z, t) = u(z, t) − 〈u(z)〉 (9.10)

Figure 9.5 shows that the model predicts the temporal variation of the orbital
velocities well except for the near-bed layer 0 < z/η < 0.5. In this lower layer
the model is not able to predict the large maximum and minimum velocities
associated with flow acceleration over the crest and the jetting produced by the
vortex shedding from the lee slope. This is shown more clearly in Figure 9.6,
which shows a comparison between the measured and predicted on- and offshore
velocity peak as a function of the height above the ripple crest level.

The ripple-averaged velocity measurements show near-bed velocity peaks
1.1 − 1.2 times the free-stream velocity peaks, which echoes the observations
made with respect to the bed-dependent velocity peaks (see Figure 6.4). In
contrast with the measurements, the 1DV model predicts lower velocity peaks
in the near-bed layer relative to the free-stream. The difference between the
measurements and predictions is largest for experiments Mr5b and Mr5c where
the measured velocity peaks are 1− 1.5 higher than the predicted peaks. These
near-bed velocities are very much affected by the underlying ripple, and cannot
be modelled in a one-dimensional way. The difference between the measured
and predicted velocities could have large consequences for the net sand transport
since it occurs in the suspension-rich lower layer.

We will now compare the measured and predicted time- and ripple-averaged
velocity profile, important for the current-related transport. Figure 9.7 shows
that the predicted profile of cycle-mean velocity induced by the asymmetric
flows exhibits a forward (’onshore’) jet in the lower part of the boundary layer, a
reversal in the direction of mean flow within the boundary layer, and a backward
(’offshore’) mean flow at the edge of the boundary layer. The thickness of the
boundary layer is equal to about two ripple heights above the ripple crest level.
The measured time- and ripple-averaged velocities have a rather different profile.
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Figure 9.5: Comparison between measured and predicted orbital velocities at differ-
ent heights above the ripple crest level for three different experiments. The solid lines
denote the measurements; the dashed lines predictions with the 1DV model of Davies
and Thorne (2005).

These differences can be attributed to differences in the parameter range of
the new experiments in comparison with the parameter range of the data on
which the eddy viscosity model of the 1DV model is based. Davies and Thorne
(2005) applied the eddy viscosity model that originates from the analytical study
of Davies and Villaret (1999) in a slightly modified way. The 1DV model differs
from the analytical study in that it does not include the streaming associated
with vertical orbital velocities. This type of streaming is also not present in flow
tunnels, since the orbital motion is purely horizontal.

Davies and Villaret (1999) based their eddy viscosity model mainly on mea-
surements under waves with short periods (T < 3 s) above fixed, artificial rippled
beds with flow Reynolds numbers of 103 < Re1 < 5 · 104 and relative roughness
0.2 < a1/ks < 5.2. The Davies and Villaret solution requires that the waves are
weakly asymmetrical such that eddy shedding occurs in both halves of the wave
cycle. Experiments Mr5a, Mr5b and Mr5c were carried out above mobile ripples
for flows with T = 5 s, Re1 = 0.8 − 3.4 · 105 and a1/ks = 1.2 − 1.6. The flow
was strongly asymmetrical, and as a consequence the degree of flow separation
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Figure 9.6: Comparison between measured and predicted onshore velocity peaks
(umax) and offshore orbital velocity peaks (umin) as a function of the height above the
ripple crest level. The solid lines denote the measurements; the dashed lines predictions
with the 1DV model of Davies and Thorne (2005).

was much less and the size of the vortex was much smaller during the offshore
half wave cycle (see Chapter 6). The main differences between the parameter
ranges thus arise in the flow Reynolds number and the flow asymmetry.

In this eddy viscosity model of Davies and Villaret (1999) the phase angle ϕ1

determines the timing of the eddy viscosity peak associated with the symmetric
temporal variation. Davies and Villaret (1999) fitted this phase angle and found
ϕ1 = − arccos (B) + 1/45π ≈ −π/2 resulting in eddy viscosity peaks at times
of flow reversal. If the phase difference between free-stream and eddy viscosity
peak is decreased from −π/2 to 0, corresponding to eddy viscosity peaks at times
of maximum free-stream flow, the streaming would become offshore-directed at
all levels and the near-bed jet in onshore direction would not be present (see also
Davies and Villaret, 1999). This resembles the residual velocity profile above a
flat rough bed as measured by Ribberink and Al-Salem (1995) and predicted by
Davies and Li (1997). In other words, the timing of the viscosity peaks found by
Davies and Villaret does not seem to be appropriate for the new measurements.
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Figure 9.7: Comparison between measured streaming profiles (solid lines) and
streaming profiles predicted by the 1DV model of Davies and Thorne (2005) (dashed
lines) for three different experiments.

This may be due the larger Re1 and B values, taking us into a new parameter
range within which ϕ1 needs recalibration.

Furthermore, the model does not predict a return flow compensating for the
net near-bed flow, which must be present at higher levels for the new tunnel
measurements.

Of course, these results also have implications for net sand transport: the
model will predict a different direction of the current-related transport. Whether
this is significant compared with the wave-related transport component will be
examined in the Section 9.3.3.

9.3.2 Time-dependent concentrations

Figures 9.8 and 9.9 show a comparison between the measured and predicted
time-dependent, ripple-averaged concentrations for experiment Mr5b.

The model predicts two concentration peaks: one at t/T ≈ 0.45 and one at
t/T ≈ 0.95 (for z/η = 0.27). These peaks are associated with vortex shedding at
times of flow reversal. These peaks can also be observed in the measurements
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centrations above the ripple crest level and values predicted by the 1DV model of
Davies and Thorne (2005) for experiment Mr5b. Top figure shows orbital velocity u
at z/η ≈ 3.

at t/T ≈ 0.55 and t/T ≈ 0.15 for z/η = 0.15 (see Chapter 7 for a detailed
description of the concentration measurements). At this level, the data also
show three other peaks associated with maximum onshore flow and advected
suspension clouds from neighbouring ripples. These concentration peaks are not
reproduced by the model, which is the consequence of the pick-up function and
the fact that in a 1DV model there is only vertical exchange of sand.

The measured concentration peak just after on-offshore flow reversal is larger
than the corresponding predicted peak, while the concentration peak around off-
onshore flow reversal is clearly present in the predictions but hardly visible in the
data. This is the consequence of the incorporated eddy viscosity model devel-
oped for weakly symmetrical waves with eddy shedding occurring in both halves
of the wave cycle. The flow was strongly asymmetrical in the new experiments,
with very strong eddy shedding at on-offshore flow reversal and much weaker
eddy shedding at off-onshore flow reversal. These differences are reflected in the
time-dependent, ripple-averaged concentration behaviour.

The model behaviour for experiment Mr5b is also representative for ex-
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model of Davies and Thorne (2005) for experiment Mr5b.

periment Mr5c. The measured and predicted time-dependent, ripple-averaged
concentrations for this condition can be found in Appendix C.

The timing and magnitude of the concentration peaks are of importance for
the net transport. Therefore, we zoom in on these aspects of the time-dependent
concentration behaviour. Figure 9.10 shows the measured and predicted tim-
ing and magnitude of the largest concentration peaks as function of the height
above the ripple crest level for experiment Mr5b and Mr5c. The timing, ∆t/T ,
is relative to the timing of on-offshore free-stream reversal at t/T = 0.45, and
∆t/T < 0 means means that the concentration peak occurs after the on-offshore
free-stream reversal. The temporal resolution of the concentration measure-
ments corresponds to ∆t/T = 0.025 and the temporal resolution of the predicted
concentrations corresponds to ∆t/T = 0.01.

In the measurements the largest concentration peaks occurs just after on-
offshore free-stream reversal. This concentration peak is due to the suspension
cloud associated vortex shedding in the lee-slope of the ripple around on-offshore
free-stream reversal. This concentration peak occurs later in phase at higher
elevations, but for z & 0.7−0.8η the timing of the concentration peaks is nearly
independent of height above the ripple crest level and occurs at t/T ≈ 0.57 for
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Figure 9.10: The two upper panels show the timing of the largest concentration
peak as a function of the height above the ripple crest level for experiments Mr5b
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model; dashed lines: recalibrated 1DV model.

Mr5b and at t/T ≈ 0.60 for Mr5c.

The original 1DV model (solid lines in Figure 9.10) predicts concentration
peaks just before on-offshore free-stream reversal near the ripple crest level.
Compared to the measurements, it predicts a too small phase lag with height
in a lower layer, z/η . 0.5, and a too strong phase lag with height above this
layer. The latter could be related to the fact that in a lower layer of one to two
ripple heights, mixing is dominated by the organised, spatially and temporally
coherent structures resulting from the shedding of vortices (Ranasoma, 1992).
This convective process cannot be modelled properly with the gradient diffusion
approach applied by Davies and Thorne (2005). As a result, the predicted
upwards propagation of concentration lags behind the measurements.

The timing of the concentration peaks at the bed level is controlled by the
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phase angle ϕc in the pick-up function, see Eq. (3.35). Based on the experimental
data of Thorne et al. (2003), Davies and Thorne (2005) defined ϕc ≈ 34o. The
parameter range of these experiments was Re1 = 1.1−3.4·105, a1/ks = 1.7−3.0,
B = 0.020 − 0.066 and ripple steepness η/λ = 0.121 − 0.148. The new detailed
velocity and concentration measurements, Mr5b and Mr5c, were carried out for
Re1 = 1.2− 2.5 · 105, a1/ks = 1.2− 1.5, B = 0.166− 0.185 and ripple steepness
η/λ = 0.166 − 0.186. The relative roughness a1/ks and flow Reynolds number
Re1 have comparable values, but the flow asymmetry B and ripple steepness
are significantly larger in the new experiments. These differences in parameter
settings could explain the difference in timing of the measured and predicted
concentration peaks, as shown in Figure 9.10.

On the basis of the new measurements, we recalibrate the phase angle ϕc

against the phase of the concentration peak in the important near-bed layer (for
0 ≤ z ≤ 1.5η). Best agreement between prediction and measurement, expressed
through the mean square error, is obtained with ϕc ≈ −1o for experiment
Mr5b and ϕc ≈ −6o for experiment Mr5c. We cannot draw conclusions on the
dependency of this phase angle on the flow and sand conditions on the basis of
only two experiments. Therefore, we take the phase angle that gives on average
closest agreement with the data: ϕc ≈ −1o (dashed lines in Figure 9.10).

The measurements approximately show an exponential decay of the magni-
tude of the concentration peak with height, especially in experiment Mr5b. This
is also predicted by the 1DV model, but with an underprediction of the magni-
tude of the concentration peak near the ripple crest level and an overprediction
higher up in the flow.

9.3.3 Sand fluxes

In Figure 9.11 the measured and predicted time-dependent, ripple-averaged
(horizontal) sand fluxes at four different heights above the ripple crest level
are compared for experiment Mr5b. This figure shows model predictions with
the original value of phase angle ϕc in the pick-up function, and with the recal-
ibrated phase angle.

Despite the differences with the velocity and concentration measurements,
the model gives reasonable predictions of the timing and magnitudes of the sand
fluxes for z ≤ η. In this important near-bed layer, sand fluxes have an onshore
peak at t/T ≈ 0.2 and a stronger offshore peak at t/T ≈ 0.55. The smaller
offshore sand flux peak measured at t/T ≈ 0.8, related to an advected sus-
pension cloud generated at the neighbouring ripple in onshore direction, is not
reproduced. This echoes earlier observations with regard to the time-dependent
suspended sand concentrations (see Figures 9.8 and 9.9). The temporal varia-
tion of the sand fluxes has diminished significantly by z/η = 2.0, but the model
still predicts a strong offshore sand flux at this level, related to the difference in
measured and predicted time-dependent concentrations.

The magnitude of the onshore flux peak is well represented by the model
for z ≤ η. The offshore sand flux peak at t/T ≈ 0.55 is underpredicted at
z = 0.25η and 0.5η, which is mainly due to an underprediction of the velocity
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Figure 9.11: Comparison between measured time-dependent, ripple-averaged sand
fluxes at four heights above the ripple crest level and values predicted by the 1DV
model of Davies and Thorne (2005) for experiment Mr5b. Open circles: measurements;
solid lines: original 1DV model; dashed lines: recalibrated 1DV model.

at this phase. Measured velocities show strong offshore velocities just after on-
offshore flow reversal (at t/T = 0.45) caused by the jet produced by the ejection
of the large lee side vortex. This two-dimensional process in not included in the
model, see also Section 9.3.1.

The model with the recalibrated pick-up function gives better predictions of
the timing and magnitudes of the sand fluxes for z ≤ 0.5η, but the differences
with the original model are remarkably small.

If we average these sand fluxes over time we find the net fluxes, which can
be decomposed in a wave- and current-related component, see Section 7.4.2.
Figure 9.12 shows that the measured and predicted net current-related flux
are of the same order of magnitude, but have opposite sign, which is due to
the difference in the time- and ripple-averaged velocity profile (Figure 9.7).
The magnitude and sign of the net wave-related flux component is predicted
reasonably well by the model. However, the measured flux reverses from offshore
to onshore direction at z ≈ 1.5η where the predicted wave-related flux remains
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Net sand transport (10−6 m2 s−1)
〈qs,w〉 〈qs,c〉 〈qs〉

Measurement -4.2 -1.9 -6.1
Original 1DV model -3.4 0.1 -3.3
Adjusted 1DV model -4.6 0.1 -4.5

Table 9.2: Measured and predicted wave-related 〈qs,w〉, current-related 〈qs,w〉 and
total net transport 〈qs〉 in the lower layer from z/η = 0 to z/η = 1.5.

offshore-directed. Furthermore, the measured net wave-related sand fluxes in
a lower layer with a thickness of one ripple height are larger than the ones
predicted by the original model. The model with the adjusted pick-up function
gives a good prediction of the wave-related net flux in a lower layer of ≈ 0.5η
above the ripple crest level, but overestimates the offshore net wave-related sand
fluxes at higher levels.

The net sand fluxes have been vertically integrated from z/η = 0 to z/η =
1.5, where most of the sand transport is concentrated. Table 9.2 shows the
resulting wave-related 〈qs,w〉, current-related 〈qs,c〉 and total net transport 〈qs〉.
The wave-related transport is predicted well, with better agreement for the
adjusted model. The measured current-related transport is negative (’offshore-
directed’) and contributes significantly (31%) to the total net transport which
is negative as well. This contribution is lacking in the predictions, where the
current-related transport is positive (’onshore-directed’) and an order of mag-
nitude smaller than the measured values.

9.4 Net sand transport

In this section, the 1DV model is compared with the net transport data from
all the experiments listed in Table 9.1. This comparison is carried out for the
original model proposed by Davies and Thorne (2005), and for an adjusted
model version. Based on the results presented in this and previous chapters, we
propose three model adjustments:

1. The newly-developed ripple predictor, Eqs. (5.20)-(5.23), instead of the
ripple prediction scheme of Wiberg and Harris (1994). We showed in
Chapter 5 that the ripple dimensions predicted using Wiberg and Harris
(1994) are in poor agreement with measured ripple dimensions from the
large-scale experiments and that the proposed new equations are a better
fit to the data.

2. The newly-developed reference concentration formula, Eq. (9.7), instead of
(an adjusted version of) the formula of Nielsen (1986). In Section 9.2.1 it is
shown that the model of Nielsen (1986) generally overpredicts the reference
concentration (especially for high mobility numbers) and shows a large
scatter. An optimised coefficient of 0.0022 instead of 0.005 in this formula,
as implemented in the 1DV model, leads to slightly improved predictions,
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Figure 9.13: Comparison between measured and predicted net transport rates. Open
circles: original 1DV model; closed triangles: adjusted 1DV model. The solid line
denotes perfect agreement, the dashed lines a factor 2 difference.

but better agreement is obtained with the new reference concentration
formula.

3. A recalibrated phase angle ϕc in the pick-up function. We showed in
Sections 9.3.2 and 9.3.3 that the time-dependent behaviour of the ripple-
averaged concentrations and fluxes is better reproduced using a phase
angle of ϕc = −1o in the pick-up function, Eq. (3.35), instead of its original
value of 34o.

Figure 9.13 shows a comparison between measured and predicted net trans-
port rates. Different symbols are used to distinguish between the original and
adjusted 1DV model.

This figure shows that the adjusted 1DV model performs better than the
original 1DV model. The adjusted model predicts in 79% of the cases net trans-
port rates within a factor of 5, while this is 74% for the original model. Further-
more, the correlation between the measurements and predictions is higher for
the adjusted model with R2 = 0.44, while R2 = 0.15 when the original model is
applied. The proposed adjustments not only lead to improved predictions of the
ripple dimensions, reference concentration and of the time-dependent behaviour
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of the concentrations and sand fluxes, but also to a better prediction of the net
transport rate.

The 1DV model is not able to predict the net transport in the positive
(’onshore’) direction as was measured in experiment Mr5a (new data) and ex-
periment Mr3 (Van der Werf et al., in press). This is because the model only
computes the suspended transport component. The net suspended transport is
always negative (’offshore’-directed) because of nature of the pick-up function
with a large concentration peak near on-offshore reversal resulting in a strong
negative sand flux and a small concentration peak near off-onshore flow reversal
resulting in a smaller positive sand flux. During experiments Mr5a and Mr3,
bedload was dominant and the model predictions can therefore be improved by
implementing a suitable bedload transport model.

9.5 Conclusions

c0 and Rc values based on the new and other full-scale experimental data have
been compared with the formulas of Bosman and Steetzel (1986), Nielsen (1986,
1990) and Lee et al. (2004). Best agreement with the measured reference concen-
tration is obtained with the formula of Bosman and Steetzel, while the concen-
tration decay length is best predicted by the Nielsen formula. A new reference
concentration formula is proposed based on the formula of Bosman and Steetzel,
which includes a grain-size influence. Furthermore, it is shown that the concen-
tration decay length is strongly related to the ripple height and that the simple
formula Rc = 1.24η gives good agreement with the data. Both new formulas
provide a better description of the time- and bed-averaged concentration profiles
than the existing formulas. The formulas were verified with data with the fol-
lowing parameter ranges: root-mean-square mobility number ψ√

2rms = 7−106,

flow Reynolds number Re = 2.8 · 104 − 8.0 · 105 (based on u =
√

2urms) and
median grain-size D50 = 0.21 − 0.44 mm.

We conclude that it is possible to describe the general wave-related sand
transport phenomena over rippled beds in regular oscillatory flow with the 1DV
boundary layer model of Davies and Thorne (2005). The model predicts the
timing and magnitude of the sand flux peaks in the important near-bed layer
of one ripple height above the ripple crest level well. Furthermore, it shows
reasonable agreement with measured net transport rates for a large number of
full-scale regular flow experiments.

The 1DV model is not able to reproduce the measured time- and bed-
averaged velocity profile. This is probably related to differences in parameter
ranges between the experimental data used for model development and the new
experiments used for model assessment. Particularly, the flow asymmetry and
flow Reynolds number are larger for the new experiments, taking us into another
regime within which the model needs recalibration.

Comparisons with new detailed measurements of the time-dependent con-
centrations reveal that, except for a lower layer of about 0.5η above above the
ripple crest level, the upward propagation of concentration peaks predicted by
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the model lags behind the measurements. This is because the mixing above rip-
pled beds is a convective process that cannot be modelled adequately with the
gradient diffusion approach applied in the model. The comparison also shows
that in the present experimental conditions the timing of the sand pick-up in
the model takes place too early. Therefore, we have recalibrated the pick-up
function on the basis of the new concentration data and hereby we have also
improved the prediction of the time-dependent sand fluxes.

Besides this model improvement, we propose two other adjustments to the
model: i) an alternative method to predict ripple dimensions and ii) an alter-
native reference concentration formula. These adjustments result in improved
predictions of the sand transport processes.



Chapter 10

Discussion, conclusions and

recommendations

10.1 Discussion

We have investigated sand transport processes over rippled beds in oscillatory
flows on the basis of new oscillatory flow tunnel data and existing full-scale
data, mainly originating from oscillatory flow tunnels as well. With this com-
bined data set we have tested and improved ripple prediction schemes, formulas
for the time- and bed-averaged concentration profile, practical sand transport
models and a 1DV sand transport model. However, it should be realised that
in oscillatory flow tunnel experiments the near-bed oscillatory flows generated
by real non-breaking surface waves are approximated. Furthermore, field condi-
tions are wider than the oscillatory ripple regime. These two topics, ’real wave
effects’ and ’field conditions’, are discussed below in relation to the research
results.

Real wave effects

Under surface waves, fluid particles have a second-order mean Lagrangian ve-
locity in the direction of wave propagation (’Stokes drift’) because they do not
exactly describe closed orbital trajectories. Besides the Lagrangian mass flux,
there is also an Eulerian mass flux in the direction of wave propagation between
the wave trough and wave crest level. For waves propagating in a horizontally
bounded domain the forward Lagrangian and Eulerian mass fluxes are compen-
sated by a backward Eulerian return flow. As a result, the velocity profile com-
prises a near-bed residual current in offshore direction and an onshore-directed
residual current at higher levels. These wave-induced currents are not repro-
duced in oscillatory flow tunnels.

Vertical orbital motions are also not present in oscillatory flow tunnels, since
the orbital motion is purely horizontal. The vertical orbital motions are respon-
sible for a net current (’boundary layer streaming’), since they are not exactly
90 degrees out of phase with the horizontal orbital motions. Longuet-Higgins
(1953) showed that this leads to a time-averaged shear stress and consequently
a small shoreward velocity inside the wave boundary layer.

We will examine the importance of these real wave effects by comparing
ripple dimensions and time- and bed-averaged concentration profiles from os-
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Figure 10.1: Comparison of measured and predicted ripple height (upper panel) and
ripple length (lower panel). Open circles: tunnel experiments, closed circles: flume
experiments. The solid line denotes perfect agreement and the dashed lines 50%
difference.

cillatory flow tunnel experiments and wave flume experiments. Moreover, an
estimation is given of the net transport related to boundary layer streaming
that is absent in flow tunnels. The other wave-induced currents not present in
flow tunnels occur at higher levels above the bed and are of less importance for
the net sand transport under non-breaking waves.

Figure 10.1 shows a comparison between measured ripple dimensions and
predicted ripple dimensions using the new model, Eqs. (5.20)-(5.23). The open
circles denote new tunnel data and existing tunnel data from Lofquist (1978),
Ribberink and Al-Salem (1994), Clubb (2001) and O’Donoghue et al. (submit-
ted) (98 experiments totally), and the closed circles denote 14 flume experiments
by Thorne et al. (2003). Both the flume and tunnel data include regular and
irregular flows, see also Section 5.2.

Despite the large scatter within the data and the limited amount of flume
data, this figure seems to indicate that there are no significant differences be-
tween ripple dimensions in flumes and flow tunnels. The new ripple predictor
performs equally well in predicting ripple dimensions for both types of experi-
ments.
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Figure 10.2: Comparison between fitted exponential profile and concentration data
from tunnel experiments (left) and flume experiments (right). The concentration c
and the height above the ripple crest level z are normalised with the fitted reference
concentration c0 and concentration decay length Rc respectively. The dashed line
denotes perfect agreement between the data and the fitted exponential profile.

In Section 7.3.2 it was found that the time- and bed-averaged concentrations
in a near-bed layer with a thickness of two ripple heights are best described by
an exponential profile with reference concentration c0 and concentration decay
length Rc. Figure 10.2 shows a comparison between fitted exponential profiles
in terms of c0 and Rc and the concentration data. The data include 36 tunnel
experiments (Ribberink and Al-Salem (1994), Clubb (2001), new data) and
12 flume experiments by Thorne et al. (2003), with regular and irregular flow
conditions in both subsets.

It can be observed that for z > 2Rc the theoretical shape starts to deviate
from the data due to an increasing sand mixing at these higher elevations. This
effect seems to be a bit stronger for the flume experiments, which is possibly
due to advection of sand by the vertical orbital velocity which is not present
in tunnels. However, the shape of the time- and bed-averaged concentration
profiles measured near the bed in flumes and tunnels are very similar.



168 Chapter 10. Discussion, conclusions and recommendations

10−1 100 101 102
10−1

100

101

102

c
0,m

 (g/l)

c 0,
p (g

/l)

0 2 4 6 8 10 12 14 16 18 20
0

5

10

15

20

R
c,m

 (cm)

R
c,

p (c
m

)

Figure 10.3: Comparison of measured and predicted reference concentration (upper
panel) and concentration decay length (lower panel). Open circles: tunnel experiments,
closed circles: flume experiments. The solid line denotes perfect agreement and the
dashed lines a factor 2 difference.

Using the same data sets, we compare the reference concentrations c0 and
concentration decay lengths Rc derived from the measurements with the ref-
erence concentrations and concentration decay lengths predicted by the new
model described in Section 9.2.2.

Figure 10.3 shows that again the differences between tunnel and flume ex-
periments are small, and that - despite a slight overall underprediction - the
newly-developed reference concentration formula gives a good prediction for
both types of experiments. It appears that the concentration decay lengths
from flume experiments are somewhat larger than from tunnel measurements,
and that the model slightly underpredicts these concentration decay lengths.
Most likely this can again be attributed to the presence of vertical orbital mo-
tions in wave flumes, which lead to some additional vertical mixing.

Longuet-Higgins (1953) suggested for laminar flow the following expression
for the profile of the boundary layer streaming associated with the vertical
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orbital motions:

〈us(z)〉 =
u2

1

4c

[

3 + e−α
(

−4 cosα+ 2 sinα− 2α sinα+ 2α cosα+ e−α
)]

(10.1)

α =
z

√

2ν/ω
(10.2)

where u1 is the free-stream first-order velocity amplitude, c the wave phase
speed, ν the kinematic viscosity and ω = 2π/T the angular frequency. Davies
and Villaret (1999) developed an analytical model for the estimation of the wave-
induced streaming above rippled and very rough beds in the turbulent flow
regime assuming a height-independent, strongly time-varying eddy viscosity.
Their expression for the streaming associated with the vertical wave velocities
reads:

〈u(z)〉 = 〈us(z)〉
(

1 + 1
2 |ε2| cosϕ2

)

(10.3)

The expressions for |ε2| and ϕ2 can be found in Section 3.5.2. 〈us(z)〉 is cal-
culated using Eq. (10.1) and (10.2) with an eddy viscosity as described by
Eq. (3.24). This model was fitted such that the streaming at the edge of the
boundary layer compared well with measurements by Van Doorn and Gode-
froy (1978), Villaret and Perrier (1992), Marin and Sleath (1994), Mathisen
and Madsen (1996a) and Mathisen and Madsen (1996b). These were mainly
measurements under waves with short periods (T < 3 s) above fixed, artifi-
cial rippled beds with flow Reynolds numbers of 103 < Re1 < 5 · 104, with
Re1 = u1a1/ν.

The net current-related transport associated with the streaming due to the
vertical velocity field has been computed by vertical integration of the product
of the predicted streaming profile and the measured time- and bed-averaged
concentration profile above the ripple crest level. This has been done for the new
experiments that included both concentration and net transport measurements
(see Table 5.1). Table 10.1 shows this additional streaming-related transport
where the streaming profile has been computed using the models of Longuet-
Higgins (LH53) and Davies and Villaret (DV99).

The difference between the two methods to compute the streaming profile
and the associated net transport is small. This table also shows that the stream-
ing related to the vertical orbital motion - absent in flow tunnels - leads to an
additional onshore-directed net transport component which does not change the
order of magnitude of the total net transport, but cannot be neglected either.

We conclude that surface waves effects hardly influence the ripple dimensions
and time- and bed-averaged concentration profiles. However, the streaming due
to the vertical orbital motions, absent in flow tunnels, as calculated using the
theories of Longuet-Higgins (1953) and Davies and Villaret (1999) may lead to
a significant amount of onshore-directed net transport.

Field conditions

We have studied sand transport processes over horizontal rippled beds in oscilla-
tory flows and developed models for these conditions. The two main differences
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Table 10.1: The net transport related to the streaming induced by the vertical ve-
locity field for different oscillatory flow tunnel experiments. The values in brackets
indicate the ratio of the streaming-induced transport to the measured net transport
rate. ’+’ denotes transport in ’onshore’ direction and ’-’ transport in ’offshore’ direc-
tion. The streaming profile has been computed using the models of Longuet-Higgins
(LH53) and Davies and Villaret (DV99).

Exp. D50 T urms R Streaming transport (10−6 m2 s−1)
(mm) (s) (m s−1) LH53 DV99

T4-05 0.34 5.0 0.40 0.625 +4.9 (-17%) +4.2 (-15%)
T5-05 0.34 5.0 0.50 0.625 +15.0 (-41%) +13.0 (-36%)
T4-07 0.34 7.5 0.40 0.625 +4.8 (-27%) +4.1 (-23%)
T5-07 0.34 7.5 0.50 0.625 +11.5 (-33%) +10.0 (-29%)
T4-10 0.34 10.0 0.40 0.625 +4.2 (-36%) +3.6 (-31%)
T5-10 0.34 10.0 0.50 0.625 +10.4 (-27%) +9.0 (-23%)

Mr5a 0.44 5.0 0.23 0.587 +0.02 (+6%) +0.02 (+5%)
Mr5b 0.44 5.0 0.38 0.583 +1.4 (-39%) +1.2 (-33%)
Mr5c 0.44 5.0 0.47 0.592 +3.0 (-21%) +2.5 (-18%)

between these conditions and shoreface conditions (water depths between 8 and
20 m) are:

• on the shoreface, sand can be transported by wind-, wave-, tide- and
density gradient driven currents as well as by the wave-induced oscillatory
water motion itself;

• under storm conditions, the shoreface bed is flat and sand is transported
within a water-sand layer a few centimetres deep (’sheet-flow’).

Another difference is the fact that the shoreface is not horizonal but sloping.
The Dutch shoreface typically has a slope of 1:100 to 1:200, which does not
have a large effect on the net transport rate. However, in certain cases - e.g.
a sand mining pit or navigation channel - bed slopes are much steeper and the
bed slope effect has to be accounted for in the transport formulation.

Therefore, two main improvements of the newly-developed sand transport
model are necessary to make it suitable for practical applications: i) the model
should cover the high mobility, plane bed, sheet-flow regime with a seamless
transition from the ripple regime and ii) the model should be able to make
transport predictions for conditions involving both waves and currents.

In principle, the new transport model is able to predict the transport for
plane bed, sheet-flow conditions. Under these conditions, the ripple height
equals zero and consequently the vortex suspension parameter P also equals
zero. The model then behaves like a quasi-steady transport model, and will pre-
dict onshore-directed net transport under asymmetric waves with higher onshore
orbital velocities. However, experimental evidence showed that the assumption
of quasi-steadiness for sheet-flow conditions does not hold for fine grain-sizes,
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Figure 10.4: Definition sketch: vector sum of near-bed velocities due to an oscillatory
flow ~ub,osc(t) and a superimposed current 〈~ub〉 under an arbitrary angle.

short wave periods and strong flows (see Dohmen-Janssen, 1999), and that also
in the sheet-flow regime phase-lag effects may lead to a significant reduction of
the net transport. These phase-lag effects in the sheet-flow regime should be
accounted for in the transport model, and validation with full-scale sheet-flow
transport data is required.

Another approach is to extend the model of Dohmen-Janssen (1999), which
was based on the quasi-steady bedload model of Ribberink (1998) and takes
phase-lag effects into account, from the sheet-flow to the rippled bed regime.
This could be done by introducing an additional phase-lag between the free-
stream orbital velocity and the sand pick-up from the bed, associated with
vortex shedding at times of flow reversal. The resulting reduction parameter
could be a function of the vortex suspension parameter, which is an important
parameter according to new and existing net transport data. This approach
requires calibration and validation against full-scale net transport data from
the rippled bed and sheet-flow regime.

A possible approach to generalise the model for oscillatory flows combined
with a superimposed current under an arbitrary angle is to compute the Shields
parameter under the wave crest with velocity vector ~ub,c which is the vector sum
of the current velocity vector at the edge of the boundary layer 〈~ub〉 and the
maximum orbital velocity vector ~ub,osc,max (Figure 10.4). Similarly, the Shields
parameter under the wave trough could be computed with velocity vector ~ub,t

which is the vector sum of the current velocity vector at the edge of the boundary
layer 〈~ub〉 and the minimum orbital velocity vector ~ub,osc,min.

The combined wave-current friction could be calculated by a linear combina-
tion of the wave friction factor and the current fraction factor following Madsen
and Grant (1976). It could be assumed that the two ’onshore’ transport con-
tributions, see Eqs. (8.12)-(8.15), are in the direction of the velocity vector ~ub,c

and that the two ’offshore’ transport contributions are in the direction of the
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velocity vector ~ub,t. The net sand transport is then the vector sum of these
two transport vectors. Finally, the effect of currents on the ripple dimensions
should be accounted for, which could be achieved by replacing orbital diameter
do in the ripple prediction scheme by αdo, where α is given by the formula of
Tanaka and Dang (1996). As a first step, α (≥ 1) can be based on the resolved
component of the current in the direction of wave propagation.

10.2 Conclusions

In this section the six research questions posed in the introductory chapter, Sec-
tion 1.4, will be answered.

Q1. What is state-of-the-art of the knowledge on wave-related sand trans-
port processes over rippled beds?

The literature study in Chapters 2, 3 and 4 has revealed that wave-related
sand transport processes over rippled beds are generally understood with most
knowledge coming from laboratory experiments. However, there is a lack of
measurements of the net transport rate and the time-dependent flow, concen-
tration and sand flux field above mobile ripples in full-scale oscillatory flows.
Furthermore, little is known about the effect of flow irregularity on the sand
transport processes over rippled beds.

There exist practical sand transport models that try to parameterise the
suspended transport processes associated with vortices generated at the ripple’s
lee slope. These models have been mainly calibrated against data from small-
scale regular flow experiments with flow periods T < 5.0 s, and it is uncertain
whether they are also able to predict the net transport under full-scale regular
and irregular flow conditions in an adequate way. A number of models represent
many of the detailed physical processes and resolve the vertical and sometimes
also the horizontal structure of the time-dependent velocity and sand concen-
tration fields. These models require lengthy computation times and have hardly
been validated against data from experiments with full-scale, mobile ripples.

Q2. How well do existing methods predict ripple dimensions, and can we im-
prove these methods?

Ripple dimensions predicted with the method of Wiberg and Harris (1994) are
in poor agreement with new and existing data of ripple dimensions for flows
with field-scale amplitudes and periods. Predictions based on Nielsen (1981)
and Mogridge et al. (1994) are in better agreement with the measurements,
especially for the ripple length. However, both methods overpredict the dimen-
sions of 3D ripples, and Nielsen underpredicts ripple height at high mobility in
regular oscillatory flows and substantially underestimates the ripple dimensions
measured in irregular oscillatory flows.

Based on the best fit to the combined large-scale data, new equations are
proposed for the heights and lengths of 2D ripples which are a function of
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the mobility number based on the highest velocities in a oscillatory flow time-
series. The same equations are proposed for 2D ripples produced by regular and
irregular oscillatory flows, but with ψmax used for mobility number in the case
of regular flow and ψ1/10 used for mobility number in the case of irregular flow.
Analysis indicates that 3D ripples are generally smaller than 2D ripples and
estimates of the height and length of 3D ripples are obtained by multiplying the
height and length of the corresponding 2D ripples (same flow orbital amplitude
and mobility number) by 0.55 and 0.79 respectively.

A possible working rule for the occurrence of 2D and 3D ripples is that 2D
ripples will occur in field-scale oscillatory flows when the D50 is greater than
0.30 mm, while 3D ripples will occur when the D50 is less than 0.22 mm. Which
type of ripple occurs in between the 0.22 mm and 0.30 mm limits is likely to
depend on flow orbital diameter, sand grading and D50.

The proposed new equations are a better fit to the data from the large-
scale experiments and take better account of flow irregularity and ripple three-
dimensionality than the existing prediction methods. The validity of the new
equations is limited to the following parameter ranges: maximum mobility num-
ber ψmax,1/10 = 12−190, flow Reynolds number Re = 1.9 ·104 −1.5 ·106 (based

on u =
√

2urms) and median grain-size D50 = 0.21 − 0.44 mm.

Q3. Which processes are responsible for the net sand transport over rippled
beds in oscillatory flow?

New measurements of the detailed, time-dependent flow and concentration field
were carried out for three different regular oscillatory flow conditions. For the
first time this was done for mobile ripples and full-scale wave conditions.

From this data set it is concluded that in the important near-bed layer with
a thickness of about one ripple height (η), the regular asymmetric oscillatory
flow over rippled beds is responsible for three sand flux peaks. At times of
maximum onshore flow, there is an onshore sand flux related to the acceleration
of the flow over the crest. This results in a strong onshore velocity and, asso-
ciated with this, a sand concentration peak. Just after reversal from onshore
to offshore flow, there is a strong offshore sand flux due to the ejection of the
lee-side, sand-rich vortex with a strong offshore velocity. This sand flux peak
is followed by a smaller offshore-directed peak associated with the passage of
an advected suspension cloud generated at the neighbouring ripple in onshore
direction. The time- and bed-averaged velocity profile comprises an offshore
near-bed streaming, a level of zero drift at z/η = 1.2−2.2, and an onshore drift
higher up in the flow.

As a result of this, in a lower layer of about 1.5η above the ripple crest level,
the net current-related flux and the net wave-related flux are in the offshore
direction and, except very close to the ripple crest, the wave-related flux domi-
nates. Higher up in the flow the net wave-related flux is still offshore-directed,
but the net current-related flux is onshore-directed and is dominant, resulting
in an onshore total net flux. However, concentrations are low here and the
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contribution of this flux at higher levels to the net transport is negligible. As
a consequence, the total vertically integrated net transport mainly takes place
in the layer z/η < 1 and is negative (offshore-directed). Based on the new de-
tailed velocity and concentration measurements, we therefore conclude that the
net sand transport over rippled beds in regular asymmetric oscillatory flows is
offshore-directed in case suspended load is the dominant transport mode.

However, in case of lower mobility numbers bedload becomes the dominant
transport mode and sand transport responds more quasi-steadily to the flow,
which results in onshore-directed transport for asymmetric oscillatory flows.
The direction of net transport is thus determined by the ratio of the suspended
load and the bedload. From new and existing full-scale transport data it is
found that the intensity of sand suspension (direction of net transport) is well
represented by a newly-defined vortex suspension parameter P , which is the
ratio of the ripple height to the median grain-size.

Q4. How can we predict the time- and bed-averaged profile of suspended sand
concentrations above rippled beds in oscillatory flow with a simple, practical
model?

Analysis of the newly-obtained full-scale concentration data in combination with
existing data sets showed that in the important near-bed region (for z < 2η)
the time- and bed-averaged concentration profile is best described with a height-
independent sand diffusivity. Therefore, the time- and bed-averaged concentra-
tions immediately above ripples are best described by an exponential profile
characterised by a reference concentration c0 and a concentration decay length
Rc.

Existing models for the suspended concentration profile were tested against
the combined data set and it was shown that best agreement with the measured
reference concentration is obtained with the formula of Bosman and Steetzel
(1986), while the concentration decay length is best predicted by the Nielsen
(1990) formula. A new reference concentration formula is proposed based on the
formula of Bosman and Steetzel extended with a grain-size influence. Further-
more, it is shown that the concentration decay length is generally directly pro-
portional to the ripple height and that the simple formula Rc = 1.24η agrees well
with the data. Both new formulas provide a better description of the time- and
bed-averaged concentration profiles than the existing formulas. The new empiri-
cal formulas are applicable in the following parameter ranges: root-mean-square
mobility number ψ√

2rms = 7−106, flow Reynolds number Re = 2.8·104−8.0·105

(based on u =
√

2urms) and median grain-size D50 = 0.21 − 0.44 mm.

Q5. How well do existing practical models predict the net sand transport over
rippled beds in oscillatory flow, and can we improve these models?

A set of new and existing transport data for full-scale regular oscillatory flow
conditions was used to assess existing practical sand transport models. The
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quasi-steady bedload model of Ribberink (1998) cannot reliably predict net
transport rate over fully-developed vortex ripples because it does not account
for the unsteady phase lag effects that are very important in the case of rip-
ple regime transport. The models of Nielsen (1988) and Dibajnia and Watan-
abe (1996) include unsteady effects but have been calibrated against data from
small-scale experiments. The Nielsen model predicts the correct transport di-
rection in most cases, but largely overpredicts the magnitude of the transport.
Conversely, the Dibajnia and Watanabe model gives the correct magnitude of
the transport, but predicts the wrong transport direction in a substantial num-
ber of cases.

A new semi-unsteady transport model is proposed based on a modified half
wave-cycle concept. The magnitudes of the four half wave-cycle transport con-
tributions are related to the grain-related Shields parameter, the degree of flow
asymmetry and a newly-defined vortex suspension parameter P , which is the
ratio of the ripple height and the median grain-size. This model has been cal-
ibrated using transport data from the new regular oscillatory flow experiments
and has subsequently been validated using other data, including measurements
from irregular oscillatory flow experiments. The new model performs better
overall than existing practical models for ripple regime net sand transport.
The validity of the new model is limited to the following parameter ranges:
root-mean-square mobility number ψ√

2rms = 20 − 103, flow Reynolds num-

ber Re = 1.2 · 105 − 3.4 · 106 (based on u =
√

2urms) and median grain-size
D50 = 0.21 − 0.44 mm.

Q6. Is it possible to describe the flow and sand transport over rippled beds
in oscillatory flow with a one-dimensional vertical boundary layer model?

We have tested the one-dimensional vertical (1DV) boundary layer model of
Davies and Thorne (2005) against the new detailed measurements of the time-
dependent velocities, suspended sand concentrations and sand fluxes above rip-
pled beds in regular oscillatory flow. Moreover, the model was tested with
net transport data from a large number of new and previous full-scale regular
oscillatory flow experiments.

We conclude that it is possible to describe the general wave-related sand
transport phenomena over rippled beds in regular oscillatory flow with this
model. In the important near-bed layer with a thickness of one ripple height,
the model predicts the timing and magnitude of the sand flux peaks well. Fur-
thermore, it shows reasonable agreement with measured net transport rates.

The 1DV model is not able to reproduce the measured time- and bed-
averaged velocity profile. This is probably related to differences in parameter
ranges between the experimental data used for model development and the new
experiments used for model assessment. Particularly, the flow asymmetry and
flow Reynolds number are larger for the new experiments, taking us into another
regime within which the model needs recalibration.

Comparisons with new detailed measurements of the time-dependent con-
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centrations reveal that, except for a lower layer of about 0.5η above the ripple
crest level, the upward propagation of concentration peaks predicted by the
model lags behind the measurements. This is because the mixing above rip-
pled beds is a convective process that cannot be modelled adequately with the
gradient diffusion approach applied in the model. The comparison also shows
that for the present experimental conditions the timing of the sand pick-up in
the model takes place too early. Therefore, we have recalibrated the pick-up
function on the basis of the new concentration data, and hereby we have also
improved the prediction of the time-dependent sand fluxes.

Besides this model improvement, we propose two other adjustments to the
model: i) an alternative method to predict ripple dimensions and ii) an alter-
native reference concentration formula. These adjustments result in improved
predictions of the sand transport processes.

10.3 Recommendations

Validation with field data

In this research project we have developed new models to predict ripple dimen-
sions, time- and bed-averaged concentration profiles and net transport rates
over rippled beds in oscillatory flows. These models are based on laboratory
data only. Although the near-bed horizontal flows generated in these experi-
ments were equivalent in period and amplitude to the near-bed flows of full-scale
waves in the field, the question arises how well the models perform under field
conditions. Therefore, we recommend to compare the newly-developed ripple
prediction scheme and formulas for the time- and bed-averaged concentration
profile with carefully-selected field measurements. It is important that the un-
certainties in the field measurements are acceptable, the field data contain veloc-
ity measurements to drive the models, and that the measured bed morphology
is in equilibrium with the prevailing flow condition. The latter is not necessarily
the case in the field because of flow and bed history effects.

Processes

In this project the sand transport processes over rippled beds have been studied
in purely horizontal oscillatory flow. Under propagating surface waves, vertical
orbital motions and small wave-induced net currents associated with the free
water surface are present. A preliminary analysis indicates that specific surface
waves effects could be important for the sand transport processes. However, with
existing experimental data it is not possible to fully understand and quantify
these effects. Thereto, new experiments should be performed in a large wave
flume with similar conditions as in the present experiments, involving detailed
measurements of the velocity profile, concentration profile and the net transport
rate.

The present experiments were carried out with relatively uniform sand,
and in the transport models we assumed uniformity of sand. This means
that we characterised the sand with a single grain-size and neglected the size-
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distribution. However, field observations show that seabed sediments are hardly
ever uniform but are generally composed of a mixture of different grain-sizes.
For sheet-flow conditions, Hassan (2003) showed that if very fine grains (D =
0.13 mm) are present in the mixture, net transport of graded sand may be dif-
ferent from uniform sand with the same median grain-size. Sistermans (2002)
performed small-scale flume experiments involving various non-breaking waves
and a following current over rippled beds and showed that higher suspended sand
concentrations are found for graded sand over the entire vertical, except close to
the bed. These experimental studies indicate the possible importance of graded
sand effects on the sand transport processes above rippled beds. For complete
understanding and quantification new full-scale laboratory experiments are nec-
essary in which the ripple dimensions, time-averaged concentration profiles and
net transport rates are measured for a large number of different oscillatory flow
and (graded) sand conditions.

In the present study we have only looked into sand transport processes over
rippled beds in purely oscillatory flows. However, in the field sand is trans-
ported by both waves and net currents under arbitrary angles. Therefore, it is
important to investigate the importance of a net current on the sand transport
processes over rippled beds. This could be achieved by new experiments in,
for example, the large oscillating water tunnel at WL|Delft Hydraulics which
allows the simulation of oscillatory flows and a superimposed co-linear current
at a full-scale.

Practical sand transport modelling

The new practical sand transport model has been developed for oscillatory flows
over rippled beds, and is based on flow tunnel data only. Therefore, this model
is not yet suitable for practical applications and three main improvements are
required.

First, the net transport associated with streaming generated by the vertical
orbital velocity should be accounted for. This requires inclusion of submodels
for the time- and bed-averaged concentration and streaming profile. As a first
step, the newly-developed concentration model and the analytical solution for
the streaming profile by Longuet-Higgins (1953) or Davies and Villaret (1999)
could be implemented. However, new large-scale flume experiments are required
to test these streaming models.

Second, the transport model should be made applicable for plane bed, sheet-
flow conditions as well. This could be achieved by implementation of phase-lag
effects in the sheet-flow regime into the present model, and by calibration and
validation against full-scale sheet-flow data. Another option is to extend existing
models of e.g. Ribberink (1998) and Dohmen-Janssen (1999) from sheet-flow to
rippled bed conditions using knowledge from the present study.

Third, the effect of a net current under an arbitrary angle on the net trans-
port needs to be taken into account. As a first assumption, existing methods
can be used to model the effect of the current on the ripple dimensions and the
net transport rate through the Shields parameter. The effect of the current on
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the net transport direction could be modelled by taking the vector sum of the
velocity amplitudes and the net current. This model improvement should be
validated against existing data from full-scale experiments by Watanabe and
Isobe (1990) and Ramadan (1994) who studied transport processes under waves
and co-linear currents. Unfortunately, there are no full-scale net transport data
available for the waves and currents under a different angle than co-linear. How-
ever, Havinga (1993) carried out transport measurements in a small-scale wave-
basin with waves and current at angles between 0 and 180o. As a first step, this
data could be used for model validation.

Process-based sand transport modelling

We recommend comparing 2DV sand transport models with the new data. Es-
pecially, the detailed measurements of the velocity and concentration field above
ripples are of great importance to test and further develop the 2DV turbulence
models of e.g. Andersen (1999), Guizien et al. (2003) and Eidsvik (2004), and
the 2DV discrete-vortex model combined with particle-tracking of Malarkey
(2001) and Magar et al. (submitted). These models have not yet been tested
against such a detailed data set. After this validation, these models can be used
as research tools for the further development of practical transport models.

Application new practical sand transport model

The ultimate stage in progressing the research through to practical application
is to implement the new practical sand transport model in morphological mod-
els such as Delft3D, Telemac and Unibest-TC. Subsequently, the behaviour and
use of the transport model needs to be tested for various practical scenarios (for
example dredging pits, dump sites, shoreface nourishments) and/or conditions
for which good field measurements of morphological change exist. The results
need to be compared to morphological computations with other transport mod-
els to assess whether the new practical sand transport model leads to improved
morphological predictions.
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Nomenclature

General

〈· · · 〉 averaged over flow period

˜· · · oscillatory component

¯· · · averaged over turbulent time-scale

ˆ· · · peak value

· · ·′ turbulent component

c.c. complex conjugate

Roman

a amplitude of orbital excursion, 1
2do [m]

B flow asymmetry parameter,
u2

u1
[−]

c suspended sand concentration [kg m−3]

c0 reference concentration at the arbitrary level z = z0 [kg m−3]

do orbital diameter,
uT

π
[m]

D∗ non-dimensional grain-size, D50

(

∆g

ν2

)1/3

[−]

D10 grain-size for which 10% of the sand (by weight) is [m]

smaller

D50 median grain-size [m]

D90 grain-size for which 90% of the sand (by weight) is [m]

smaller

f ′ grain-related friction factor, Eq. (8.18) [−]

g acceleration due to gravity [m s−2]

h water depth [m]

ks roughness height [m]
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P vortex suspension parameter,
η

D50
[−]

qs volumetric sand transport per unit of width [m2 s−1]

R degree of flow asymmetry [−]

Rc concentration decay length [m]

Re flow Reynolds number,
ua

ν
[−]

t time [s]

T flow period [s]

Tc time during which flow is positive, Eq. (8.6) [s]

Tp spectral peak flow period [s]

Tt time during which flow is negative, T − Tc [s]

u flow velocity in x-direction [m s−1]

u∗ friction velocity,
√

1
2f

′u2 [m s−1]

u∞ free-stream orbital velocity [m s−1]

u1/3,off mean of the highest one-third negative velocity peaks [m s−1]

u1/3,on mean of the highest on-third positive velocity peaks [m s−1]

u1/10 mean of the highest one-tenth velocity peaks [m s−1]

u1 first-order orbital velocity component [m s−1]

u2 second-order orbital velocity component [m s−1]

uc equivalent amplitude of positive velocities, Eq. (8.8) [m s−1]

umax maximum orbital velocity, u1 + u2 [m s−1]

umin minimum orbital velocity, u1 − u2 [m s−1]

urms root-mean-square orbital velocity [m s−1]

ut equivalent amplitude of negative velocities, Eq. (8.9) [m s−1]

v flow velocity in y-direction [m s−1]

w flow velocity in z-direction [m s−1]

ws sand particle fall velocity [m s−1]

x horizontal coordinate in flow direction [m]

y horizontal coordinate normal to flow direction [m]

z vertical coordinate [m]

Greek

∆ relative density of sand,
ρs − ρw

ρw
[−]
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εs sand diffusivity [m2 s−1]

η ripple height [m]

θ′ grain-related Shields parameter, 1
2f

′ψ [−]

θcr critical Shields parameter [−]

λ ripple length [m]

ν kinematic viscosity [m2 s−1]

ρs density of sand [kg m−3]

ρw density of water [kg m−3]

τ bed shear stress [kg m−1 s−2]

Φs non-dimensional sand transport,
qs

√

∆gD3
50

[−]

ϕ sand flux [m s−1]

χ flow period parameter,
D50

∆gT 2
[−]

ψ mobility number,
u2

∆gD50
[−]

ω angular frequency,
2π

T
[s−1]



190



List of abbreviations

1DV One-Dimensional Vertical
2D Two-Dimensional
2DV Two-Dimensional Vertical
3D Three-Dimensional
ABS Acoustic Backscatter System
ADV Acoustic Doppler Velocity meter
AOFT Aberdeen Oscillatory Flow Tunnel
BM Bi-modal bed
DNS Direct Numerical Simulation
FB Flat Bed
IA Irregular Asymmetric
IS Irregular Symmetric
JONSWAP JOint North Sea WAve Project
LDS Laser Displacement Sensor
LDA Laser Doppler Anemometer
LES Large Eddy Simulation
LOWT Large Oscillating Water Tunnel
LWR Long Wave-generated Ripple
OPCON OPtical CONcentration meter
PIV Particle Image Velocimetry
RA Regular Asymmetric
RS Regular Symmetric
SRP Sand Ripple Profiler
SWR Short Wave-generated Ripple
TSS Transverse Suction System
UHCM Ultra-High Concentration Meter
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Appendix A

Time-dependent velocity measurements

for experiments Mr5a and Mr5c

Figure A.1 shows the measured velocity field corresponding to 8 phases within
the flow period for experiment Mr5a, while Figure A.2 zooms in on the lower
part with a thickness of two ripple heights. The velocity scale is the same in
both figures. The same is shown for experiment Mr5c in Figures A.3 and A.4.
The top panel shows the PIV-measured velocity time-history at ≈ 3η above
the ripple crest and also shows the phases for which the 8 velocity fields are
presented. Note that the full measurement at each phase consists of 66 vertical
profiles over the length of the ripple but that only 12 profiles are shown for
clearer presentation.

Positive, ’onshore’ flow is directed to the right. Horizontal and vertical axes,
x and z, have their origin at the ripple crest and are normalised by the ripple
length λ and ripple height η respectively. The stoss slope of the ripple is the
slope facing offshore (i.e. the left side of the ripple in the figures) and the
lee slope is the slope facing onshore. The ripple lee slope is steeper than the
stoss slope, giving the ripple an asymmetric shape that is consistent with the
asymmetric flow.
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Figure A.1: Full velocity field at 8 phases for experiment Mr5a. Top panel shows
orbital velocity u measured at z/η ≈ 3. The circles on the time series of u denote the
phase of the flow. Positive, ’onshore’ flow is to the right in the velocity field plots.
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Figure A.2: Velocity field for z ≤ 2η at 8 phases for experiment Mr5a. Top panel
shows orbital velocity u measured at z/η ≈ 3. The circles on the time series of u
denote the phase of the flow. Positive, ’onshore’ flow is to the right in the velocity
field plots. The velocity scale is the same as in Figure A.1.
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Figure A.3: Full velocity field at 8 phases for experiment Mr5c. Top panel shows
orbital velocity u measured at z/η ≈ 3. The circles on the time series of u denote the
phase of the flow. Positive, ’onshore’ flow is to the right in the velocity field plots.



197

0 0.2 0.4 0.6 0.8 1
−90

−45

0

45

90

t/T

u 
(c

m
/s

)

u at x/λ = 0, z/η = 3.0

A

B
C

D

E

F
G

H

−0.2 0 0.2 0.4 0.6 0.8

0

1

2

z/
η

A

−0.2 0 0.2 0.4 0.6 0.8

0

1

2
B

−0.2 0 0.2 0.4 0.6 0.8

0

1

2

z/
η

C

−0.2 0 0.2 0.4 0.6 0.8

0

1

2
D

−0.2 0 0.2 0.4 0.6 0.8

0

1

2

z/
η

E

−0.2 0 0.2 0.4 0.6 0.8

0

1

2
F

−0.2 0 0.2 0.4 0.6 0.8

0

1

2

x/λ

z/
η

G

−0.2 0 0.2 0.4 0.6 0.8

0

1

2

x/λ

H

Figure A.4: Velocity field for z ≤ 2η at 8 phases for experiment Mr5c. Top panel
shows orbital velocity u measured at z/η ≈ 3. The circles on the time series of u
denote the phase of the flow. Positive, ’onshore’ flow is to the right in the velocity
field plots. The velocity scale is the same as in Figure A.3.
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Appendix B

Time-dependent concentration

measurements for experiment Mr5c

The time-dependent concentrations at three different elevations above the rip-
ple crest level (at x/λ = 0) measured by the ABS and OPCON are shown in
Figure B.1 for experiment Mr5c. In the top panels of these figures the orbital
excursion of the free-stream and the free-stream orbital velocity are plotted.
The horizontal and vertical axes, x and z, have their origin at the ripple crest
and are normalised by the ripple length λ and the ripple height η respectively.
The flow phases t/T = 0, 0.22, 0.45 and 0.73 correspond to off-onshore flow re-
versal, maximum onshore flow, on-offshore flow reversal and maximum offshore
flow respectively.

Figure B.2 shows the ABS concentrations results at 18 subsequent flow
phases for experiment Mr5c. The stoss slope of the ripple is the slope fac-
ing offshore (i.e. the left side of the ripple in Figure B.2) and the lee slope is
the slope facing onshore.



200

0 0.2 0.4 0.6 0.8 1
−0.6

−0.3

0

0.3

0.6

ex
cu

rs
io

n 
(m

)

0 0.2 0.4 0.6 0.8 1
−0.6

0

0.6

1.2

ve
lo

ci
ty

 (m
/s

)
0 0.2 0.4 0.6 0.8 1

0

1

2
z/η = 0.28

lo
g 10

 [c
] (

g/
l)

0 0.2 0.4 0.6 0.8 1

0

1

2
z/η = 0.64

0 0.2 0.4 0.6 0.8 1

0

1

2
z/η = 0.78

t/T

lo
g 10

 [c
] (

g/
l)

Figure B.1: Time-dependent concentrations at different elevations above the ripple
crest (at x/λ = 0) for experiment Mr5c as measured by the ABS (circles) and OPCON
(solid line). The top left panel shows the free-stream orbital excursion and the top
right panel the free-stream orbital velocity.
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Figure B.2: Time-dependent concentration field around the ripple at different phases
during the flow cycle for experiment Mr5c as measured by the ABS.
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Appendix C

Comparison between measured and

predicted time-dependent

concentrations for experiment Mr5c

Figures C.1 and C.2 show a comparison between the measured time-dependent,
ripple-averaged concentrations above the ripple crest level and values predicted
by the 1DV model of Davies and Thorne (2005) (solid lines) for experiment
Mr5c. The vertical axis, z, has its origin at the ripple crest and is normalised
by the ripple height η.
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Figure C.1: Comparison between measured time-dependent, ripple-averaged con-
centrations above the ripple crest level and values predicted by the 1DV model of
Davies and Thorne (2005) for experiment Mr5c. Top figure shows orbital velocity u
at z/η ≈ 3.
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Vizügyi Igazgatóság (North-Transdanubian District Water Authority) in Győr,
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