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Figure 6.25: Time average of the velocity field from ωt = 20π to ωt = 22π. Re = 8.1 × 104,
h/L = 0.18. Left panel: U0/(ωL) = 0.54, Right panel: U0/(ωL) = 1.17. The initial flow is
directed as the x-axis (the outer flow progresses as U0 cos(ωt))

Figure 6.26: Number and position of the steady recirculating cells as a function of the cycle over
which the velocity field is averaged (N) and for the averaged flow over N cycles, for Re = 8.1×104,
and two different values of U0/(ωL), namely U0/(ωL)=1.08 (Left panel) and U0/(ωL)=1.17
(Right panel). The open circles indicate runs where two cells are observed. The stars and the
open squares indicate cases where one cell located at the right or left side of the computational
domain, respectively, is observed.
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Figure 6.27: Time average of the velocity field from ωt = 20π to ωt = 22π for Re = 8.1 ×
104, h/L = 0.18. Left panel: U0/(ωL) = 1.35, Middle panel: U0/(ωL) = 1.44, Right panel:
U0/(ωL) = 1.62.

alternately, one cell at one flank of the ripple prevails on the other one but later it becomes
weaker and tends to disappear. The position of the recirculating cell is not the result of
the migration of the cell from the left to the right side and viceversa but it is related to
a decrease of the intensity of one recirculating cell and to the simultaneous increase of
intensity of the other cell. Further results are plotted in Figure 6.27 for Re= 8.1 × 104.
When U0/(ωL) is equal to 1.35, the steady recirculating cell is located at the left side (left
panel). On the other hand, for U0/(ωL) = 1.62 (right panel), the cell at the right side is
stronger. For U0/(ωL) equal to 1.44 (middle panel) the cell at the left is stronger but not
so strong as in the left panel.

To show further results, the configuration of the velocity field, averaged over the 10th
cycle, is indicated in Figure 6.28 for all the cases considered. Only for relatively small
values of U0/(ωL), the slow oscillations of the average flow field do not exist and two
steady recirculating cells are always observed. The transition from two recirculating cells
to just one cell occurs for a critical value (U0/(ωL))c of U0/(ωL) ranging between 0.72
and 0.81 and this critical value seems almost independent of the value of the Reynolds
number, at least for the range of Re presently investigated. As already pointed out,
inspection of Figure 6.28 shows that, for a fixed value of Re, the average flow displays
the two cells configuration for low values of U0/(ωL), whereas only one cell is generated
for large values of U0/(ωL). Between these two extremes, the flow changes configuration
many times from one to two cells and vice-versa as U0/(ωL) is increased. The appearance
of just one recirculating cell takes place when a bifurcation makes the vortex shed from
one side of the ripple crest stronger than that shed from the other side and the symmetry
of the flow is lost. Because the appearance of just one cell is due to an instability process,
the results shown in Figure 6.28 should be considered with great care. Indeed, just a
small difference in the initial conditions might move the steady recirculating cell from
one side of the ripple to the opposite side. For example, the comparison of the right
panels of Figure 6.25 and Figure 6.29 shows that the cell is located close to the left crest
and the rotation is clock-wise if the outer flow progresses as U0 cos(ωt) while the cell is
located close to the right crest and the rotation is counter-clockwise, if the outer flow
progresses as −U0 cos(ωt). Moreover, comparing the left panels of Figures 6.25 and 6.29,
it appears that the initial conditions have no significant influence on the results when two
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Figure 6.28: Number and position of the steady recirculating cells for all the runs. The time
average is done during the 10th cycle. The open circles indicate runs where two cells are observed.
The stars and the open squares indicate cases where one cell located at the right or left side of
the computational domain, respectively, is observed.

recirculating cells are present, i.e. for low values of U0/(ωL).
Figure 6.28 shows also that Re has a minor influence on the configuration of the cells,

compared to U0/(ωL).
A deeper analysis shows that the transition from the left to the right cell configuration

passes trough a two cell configuration, as can be seen in Figure 6.30, which refers to Re =
1.4 × 105 and U0/(ωL)=1.44, 1.485 and 1.53 (left middle and right panels, respectively).
For U0/(ωL)=1.44 and 1.53, one cell forms at the left and right sides, respectively, in
accordance to the information provided by Figure 6.28. For U0/(ωL)=1.485, not reported
in Figure 6.28, two cells are observed.

As already pointed out, the formation of just one steady recirculating cell per ripple
wavelength is related to the asymmetry of the vortices released from the two sides of
the crest of the ripple at successive half cycles. For example, Figure 6.2 shows that for
Re = 8.1 × 104 and U0/(ωL)=1.53, the largest vortex is released at the right side of the
domain and Figure 6.28 indicates that for these values of the parameters, the single steady
recirculating cell is located at the right side.

If the bed were erodible, the presence of only one steady recirculating cell suggests that
the ripple would become asymmetric. Indeed, since the net (time-averaged) displacement
of the sediments is mainly controlled by the time-averaged flow, it is likely that one side
of the ripple would become steeper than the other side.

Moreover, the presence of only one steady cell affects the streamwise velocity drift
close to the sea bottom. The steady streaming (U, V ), which has the form of steady
recirculating cells, influences the suspended sediment transport on spatial scales of the
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Figure 6.29: Time average of the velocity field from t = 20π to t = 22π. Re = 8.1 × 104,
h/L = 0.18. Left panel: U0/(ωL) = 0.54, Right panel: U0/(ωL) = 1.17. The dimensionless
parameters are equal to those of Figure 6.25 but the direction of the flow at the first instant is
opposite (the outer flow progresses as −U0 cos(ωt)).

Figure 6.30: Velocity field averaged from t=20π to t=22π. Re = 1.4 × 105. Left panel
U0/(ωL)=1.44, middle panel U0/(ωL)=1.485, right panel U0/(ωL)=1.53.
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Figure 6.31: Time average of the velocity field from ωt = 20π to ωt = 22π. The pressure gradient
that drives the flow has two harmonic components, refer to equation (6.2). Re= 8.1×104, h/L=
0.18. Left panel: U0/(ωL) = 0.54, Right panel: U0/(ωL) = 1.17.

order of the wavelength of the ripples.
In the previous Section it is shown that the number of recirculating cells depends on

the parameters of the problem. When a single cell per ripple wavelength is present, its
position depends both on the parameters of the problem and on the initial condition.
Hence, it might appear that in the field, where the initial conditions are unknown, the
position of the single cell close to the ripples cannot be predicted. However, in the field
nonlinear effects are relevant and second harmonic components are present both in the
expression of the free surface and of the pressure gradient, which drives the flow close
to the bottom. To investigate if the position of the single cell still depends on initial
conditions when second order effects are considered, we obtained further results with the
external pressure gradient in equation (3.3) modified as:(

∂p

∂x

)
ext

= ρU0ω [sin (ωt) + 0.1 sin (2ωt)] , (6.2)

which is the pressure gradient generated close to the bottom by a surface wave of small
but finite amplitude propagating in the positive direction of the x− axis.

The two panels of Figure 6.31 show that the effect of the presence of the second
harmonic in the flow and pressure field is that of making the cell located at the right side
more intense. This suggests that, if second order effects in the wavefield are relevant, the
cell located at the onshore position is more intense.

6.3. The time- and ripple-averaged flow field

In order to investigate the influence of ripples on onshore/offshore sediment transport,
it is appropriate to average U(x, y) in the x− direction on a spatial domain of length L.
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Figure 6.32: ũ(y) for Re = 8.1 × 104. The time average is from t=20π to t=22π. The black
broken line indicates the position of the crests of the ripple

To this aim, we introduce the ripple-averaged
steady velocity component, which is defined as

ũ(y) = 1
L

∫ L

0
U(x, y)f(x)dx (6.3)

where U denotes the time average of U , computed over an integer number of periods, and
f(x) is a function, which is equal to 1 if x is inside the fluid domain and is equal to 0
otherwise. The quantity ũ gives information on the mean direction of the velocity and
hence of the suspended sediment transport at different distances from the bed.

Figures 6.32 and 6.33, where ũ is plotted for different values of U0/(ωL) and Reδ =
8.1 × 104 and 4.4 × 105, respectively, show that ũ vanishes moving far from the bottom
and displays positive and negative maxima. The intensity of the maximum of ũ above
the crest level is one order of magnitude smaller than U0. Moreover, the same figures
show that below the crest level (horizontal broken line) the sign of the maximum of ũ is
opposite to that above the crest.

Comparing the profiles of ũ shown in Figures 6.32 and 6.33 with the configuration of
the steady recirculating cells reported in Figure 6.28, it can be observed that the profile of
ũ in the region above the ripple crests shows only one maximum when the steady velocity
shows only one recirculating cell per ripple wavelength (e.g. Re = 8.1 × 104, U0/(ωL) =
1.17). Moreover, the sign of the maximum of ũ is related to the position of the single
recirculating cell. For example, Figure 6.32 shows that for U0/(ωL)=1.17 the maximum
is positive while for U0/(ωL)=1.62 it is negative. Inspection of Figure 6.28, reveals that,
for Re = 8.1 × 104 and for U0/(ωL)=1.17 the cell is located at the left while for the same
value of the Reynolds number and for U0/(ωL)=1.62 the cell is located at the right.

The integration of the ripple-averaged steady velocity ũ in the vertical direction

q =
∫ ∞

0
ũ(y)dy. (6.4)
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Figure 6.33: ũ(y) for Re = 4.4 × 105. The time average is from t=20π to t=22π. The black
broken line indicates the position of the crests of the ripple

allows to evaluate the time-averaged discharge per unit bed area from the bed to the
border of the boundary layer. Such quantities can be either positive or negative, hence
can be directed either onshore or offshore, depending on the values of the parameters, as
discussed below. Figure 6.34 shows the net discharge per unit bed width q, computed
for the same values of the parameters as those considered in Figure 6.28 and for the
same initial conditions. Non vanishing values of q are obtained, whose sign can be either
positive or negative. Of course, the modulus of q depends on both Re and U0/(ωL) and
its positive or negative values depends on the initial conditions. Indeed, for an assigned
value of Re, the sign of q is related to the position of the single recirculating cell: when
a single cell is present on the left side, q is positive and vice-versa.

It might appear from Figures 6.32 and 6.33 that in the field, where the initial conditions
are unknown, the direction of ũ close to the ripples cannot be predicted. However, when
second-order effects are considered by modifying the external pressure gradient used in
in equation (3.3) with equation (6.2), for the limited cases considered and presented in
Figure 6.35, the ripple-averaged steady velocity ũ above the ripple crest is always directed
offshore.

This result is in line with the finding of Dimas and Leftheriotis (2019). These Authors
found an offshore-directed mean streamwise velocity component and suspended sediment
flux close to the ripple crests. Figure 6.35 also shows that far from the ripple, the flow is
directed onshore, in accordance with the finding of van der Werf et al. (2007) and van der
Werf et al. (2008).
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Figure 6.34: Discharge per unit width as a function of U0/(ωL).

Figure 6.35: Profiles of ũ for Re = 8.1 × 104, h/L= 0.18. Broken lines: pressure gradient with
two harmonic components. Solid line: pressure gradient with one harmonic component. The
black broken line indicates the position of the crests of the ripple.



Chapter 7
Conclusions

The present investigation of the oscillating turbulent flow field over vortex ripples
discloses interesting new features of this flow field, which was extensively investigated in
the past. The investigation of the time-dependent flow field and of the development of the
vortex structures released from the ripple crests shows that the flow looses its symmetry
with respect to the ripple crests, as the parameter U0/(ωL), which represent the ratio
between fluid excursion and ripple length, increases. Indeed, for low values of U0/(ωL),
the vorticity fields that are half period apart are symmetric with respect to the ripple
crest. As U0/(ωL) is increased, the symmetry of the vorticity field is lost because the
vortex structure which forms during one half cycle is larger than that forming during the
following half cycle at the opposite side of the crest of the ripple. This asymmetry in the
flow, leaves its footprint on the bottom shear stress over the ripple surface. A detailed
analysis has shown that asymmetry is present in the time-dependent contributions of
friction and form drag to the bottom shear stress. The contribution of friction drag to
the bottom shear stress is one order of magnitude less than that of form drag. The time-
dependent bottom shear stress was found to be sensitive to changes in the parameter
U0/(ωL) and less sensitive to changes in Re. Indeed, a scattering in individual cycle’s
time-dependent profile was observed to decrease as U0/(ωL) is increased. And because of
the flow asymmetry, local maxims of any two half-cycles had different magnitudes, and
an increase in U0/(ωL) causes a decrease in their magnitudes.

The second significant result of the present investigation follows from the analysis of
the time-averaged flow field. Indeed, even if the pressure gradient that drives the flow
is that generated close to the bottom by a first-order Stokes wave and the profile of
the ripple is exactly symmetric, a steady component of the flow field appears, because
of nonlinear effects. Such steady component has the form of recirculating cells. The
formation of steady recirculating cells over small amplitude ripples, such that the flow
does not separate at their crests, and in the laminar regime is well documented Sleath
(1984).

Present results show that recirculating cells are present also when the Reynolds number
is large and the flow regime is turbulent. The investigation of the turbulent oscillatory
flow over vortex ripples show the formation of only one or two cells per ripple wavelength,
depending on the value of the ratio U0/ (ωL). In particular, for low values of U0/(ωL)
two recirculating cells are observed but, as the value of U0/(ωL) is increased, only one
recirculating cell forms. The center of the single cell can be either close to the left or to
the right side of the ripple crest, depending on the initial conditions and, therefore, it
turns out to be impossible to be predicted for field conditions. The information about the
number of cells which form has a practical relevance because the presence of a single cell
per ripple wavelength is expected to influence the symmetry of the profile of the ripples
when the bottom is made up of cohesionless sediments.

At last, the evaluation and analysis of the longitudinal velocity component averaged
over an oscillation period and horizontal planes shows that, even if the ripple profile
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is symmetric and the pressure gradient that drives the flow oscillates with zero mean, a
horizontal steady velocity component does exist close to the bottom. This result of course
is not unexpected and is related to the formation of the single recirculating cell discussed
above. The direction of the steady velocity component, as well as the number of cells
which form, appears to be mainly influenced by the parameter U0/(ωL). It is worthwhile
to mention that both the loss of symmetry of the vortices released from the ripple crests
and the formation of a steady velocity component, influence the transport of sediment
which is put into suspension by the action of the vortices, shed from the ripple crest, and
transported by the steady velocity component. At last it is shown that nonlinear effects
in the free surface influence both the direction of the steady velocity components and the
position of the recirculating cell.

The present investigation will be extended in the near future to include the combined
effects of waves and currents. In this regard, Shum (1988), has performed an extensive
parameterization study of a wave only, a current only, and a combined wave-current flow
over ripples and plane beds for the condition of the flow such that it remains laminar
throughout an oscillation cycle. The ripple steepness was 0.1. Shum (1988) obtained
the horizontal force over ripples to be as much as five times that over a plane bed when
the flow is wave only. When the condition of the flow is current only, results suggested
that only a slight variation was observed between the horizontal force over a plane bed
and on a rippled bed. For the condition of the flow where the combined effects of wave
and current are investigated, a dramatic increase in the horizontal force over the rippled
bed was observed even when the magnitude of the wave imposed over the current was
much smaller. When a current is imposed on a turbulent wave boundary layer flow over
ripples, Grigoriadis et al. (2012) have shown the relative effects of adding a current have
little to no effect on flow separation, vorticity dynamics, turbulence, wall stress, and drag.
On the contrary, and strictly discussing sediment transport mechanisms onshore, waves
are inefficient transporters compared to a current of comparable magnitude. Though
waves can entertain a significant amount of sediment from the seabed, a current of equal
magnitude may be too weak to even initiate sediment motion (Grant and Madsen, 1979).
In this regard, a parametrization study on the combined effects of waves and currents on
the time-dependent, time-average, and time-and ripple-average flow characteristics of a
turbulent wave boundary layer and its implications for sediment transport in the onshore
region is one area we would like to explore.

In the immediate future, the goal is to publish part of the thesis that dealt with the
bottom shear stress and the horizontal force per bed area. In addition, a section on
the estimation of the equivalent roughness size for ripples, which was not included in
this dissertation, will be added to this second publication. Finally, it would be wise to
mention here that the part of the thesis that dealt with the vorticity and velocity fields
is published and can be refereed to as Sishah and Vittori (2021). Moreover, the data of
this contribution can be accessed at the website (https://osf.io/rv23k/).



Bibliography

Allen, J. (1984). Bulk self-fluidization, in “sedimentary structures-their character and
physical basis”, ed: Jrl allen.

Bagnold, R. A. (1946). Motion of waves in shallow water. interaction between waves and
sand bottoms. Proceedings of the Royal Society of London. Series A. Mathematical and
Physical Sciences, 187(1008):1–18.

Bakker, W. (1975). Sand concentration in an oscillatory flow. In Coastal Engineering
1974, pages 1129–1148.

Barr, B. C., Slinn, D. N., Pierro, T., Winters, K. B., and Jolla, C. (2004). Numerical
simulation of the wave bottom boundary layer over sand ripples. Journal of Geophysical
Research, 109.

Batchelor, G. (1967). An introduction to fluid dynamics. Cambridge university press.

Blondeaux, P. (1990). Sand ripples under sea waves part 1. ripple formation. Journal of
Fluid Mechanics, 218:1–17.

Blondeaux, P., Foti, E., and Vittori, G. (2000). Migrating sea ripples. European Journal
of Mechanics-B/Fluids, 19(2):285–301.

Blondeaux, P., Foti, E., and Vittori, G. (2015). A theoretical model of asymmetric wave
ripples. Philosophical Transactions of the Royal Society A: Mathematical, Physical and
Engineering Sciences, 373(2033):20140112.

Blondeaux, P., Scandura, P., and Vittori, G. (2004). Coherent structures in an oscillatory
separated flow: numerical experiments. Journal of Fluid Mechanics, 518:215–229.

Blondeaux, P., Sleath, J., and Vittori, G. (1988). Experimental data on sand ripples in
an oscillatory flow. Rep, 1:88.

Blondeaux, P. and Vittori, G. (1991a). A route to chaos in an oscillatory flow: Feigenbaum
scenario. Physics of Fluids A: Fluid Dynamics, 3(11):2492–2495.

Blondeaux, P. and Vittori, G. (1991b). Vorticity dynamics in an oscillatory flow over a
rippled bed. Journal of Fluid Mechanics, 226:257–289.

Blondeaux, P. and Vittori, G. (2019). Wave ripples.
http://www.coastalwiki.org/wiki/Waveripples.

Blondeaux, P., Vittori, G., and Porcile, G. (2018). Modeling the turbulent boundary layer
at the bottom of sea wave. Coastal Engineering, 141:12–23.

Boussinesq, J. (1877). Theorie de l’ecoulement tourbillant. Mem. Acad. Sci., 23:46.



100

Bradshaw, P. (1972). The understanding and prediction of turbulent flow. The Aeronautical
Journal, 76(739):403–418.

Carstens, M. R., Neilson, F. M., and Altinbilek, H. D. (1969). Bed forms generated in the
laboratory under an oscillatory flow: analytical and experimental study. Number 28. US
Army Corps of Engineers, Coastal Engineering Research Center.

Carstensen, S., Sumer, B. M., and Fredsøe, J. (2010). Coherent structures in wave boundary
layers. part 1. oscillatory motion. Journal of Fluid Mechanics, 646:169–206.

Chang, Y. S. and Scotti, A. (2004). Modeling unsteady turbulent flows over ripples:
Reynolds-averaged navier-stokes equations (rans) versus large-eddy simulation (les). Jour-
nal of Geophysical Research: Oceans, 109(C9).

Clifton, H. E. (1987). Wave-formed sedimentary structures—a conceptual model.

Coles, D. (1956). The law of the wake in the turbulent boundary layer. Journal of Fluid
Mechanics, 1(2):191–226.

Darwish, M. and Moukalled, F. (2021). The Finite Volume Method in Computational Fluid
Dynamics: An Advanced Introduction with OpenFOAM® and Matlab®. Springer.

Díaz-Carrasco, P., Vittori, G., Blondeaux, P., and Ortega-Sánchez, M. (2019). Non-cohesive
and cohesive sediment transport due to tidal currents and sea waves: A case study.
Continental Shelf Research, 183:87–102.

Dimas, A. A. and Leftheriotis, G. A. (2019). Mobility parameter and sand grain size effect
on sediment transport over vortex ripples in the orbital regime. Journal of Geophysical
Research: Earth Surface, 124(1):2–20.

Dixen, M., Hatipoglu, F., Sumer, B. M., and Fredsøe, J. (2008). Wave boundary layer over
a stone-covered bed. Coastal Engineering, 55(1):1–20.

Doucette, J. and O’Donoghue, T. (2006). Response of sand ripples to change in oscillatory
flow. Sedimentology, 53(3):581–596.

Du Toit, C. G. and Sleath, J. F. A. (1981). Velocity measurements close to rippled beds in
oscillatory flow. Journal of Fluid Mechanics, 112:71–96.

Exner, F. M. (1920). Zur physik der dünen. Hölder.

Fredsøe, J. (1984). Turbulent boundary layer in wave-current motion. Journal of Hydraulic
Engineering, 110(8):1103–1120.

Fredsøe, J., Andersen, K. H., and Sumer, B. M. (1999). Wave plus current over a ripple-
covered bed. Coastal Engineering, 38(4):177–221.

Grant, W. D. and Madsen, O. S. (1979). Combined wave and current interaction with a
rough bottom. Journal of Geophysical Research: Oceans, 84(C4):1797–1808.



101

Grant, W. D. and Madsen, O. S. (1982). Movable bed roughness in unsteady oscillatory
flow. Journal of Geophysical Research: Oceans, 87(C1):469–481.

Grigoriadis, D. G., Dimas, A. A., and Balaras, E. (2012). Large-eddy simulation of wave
turbulent boundary layer over rippled bed. Coastal engineering, 60:174–189.

Guerrero, J. (2021). OpenFOAM Introductory Training, volume 1. Wolf dynamics Aqua
publications Amsterdam.

Hare, J., Hay, A. E., Zedel, L., and Cheel, R. (2014). Observations of the space-time
structure of flow, turbulence, and stress over orbital-scale ripples. Journal of Geophysical
Research: Oceans, 119(3):1876–1898.

Hay, A. E., Zedel, L., Cheel, R., and Dillon, J. (2012). On the vertical and temporal structure
of flow and stress within the turbulent oscillatory boundary layer above evolving sand
ripples. Continental Shelf Research, 46:31–49.

Hellsten, A. (1998). Some improvements in menter’s k-omega sst turbulence model. In 29th
AIAA, Fluid Dynamics Conference, page 2554.

Hino, M., Kashiwayanagi, M., Nakayama, A., and Hara, T. (1983). Experiments on the
turbulence statistics and the structure of a reciprocating oscillatory flow. Journal of
Fluid Mechanics, 131:363–400.

Hino, M., Sawamoto, M., and Takasu, S. (1976). Experiments on transition to turbulence
in an oscillatory pipe flow. Journal of Fluid Mechanics, 75(2):193–207.

Hirsch, C. (1991). Numerical computation of internal and external flows, vol. 1, 2 john wiley
k.

Horikawa, K. and Watanabe, A. (1967). A study on sand movement due to wave action.
Coastal Engineering in Japan, 10(1):39–57.

Humbyrd, C. J. (2012). Turbulent combined wave-current boundary layer model for appli-
cation in coastal waters. PhD thesis, Massachusetts Institute of Technology.

Inman, D. (1957). Wave-generated ripples in nearshore sands: Us army corps engineers
beach erosion board tech. Mem, 100(42):1963.

Issa, R. I. (1986). Solution of the implicitly discretised fluid flow equations by operator-
splitting. Journal of computational physics, 62(1):40–65.

Jasak, H. (1996). Error analysis and estimation for the finite volume method with applica-
tions to fluid flows.

Jensen, B., Sumer, B., and Fredsøe, J. (1989). Turbulent oscillatory boundary layers at high
reynolds numbers. Journal of Fluid Mechanics, 206:265–297.

Jonsson, I. G. (1966). Wave boundary layers and friction factors. Coastal Engineering
Proceedings, 10:9–9.



102

Jonsson, I. G. and Carlsen, N. A. (1976). Experimental and theoretical investigations in an
oscillatory turbulent boundary layer. Journal of Hydraulic Research, 14(1):45–60.

Kajiura, K. (1968). A model of bottom boundary layer in water waves. Bull. Earthq. Res.
Inst., Univ. of Tokyo, 46:75–123.

Kalkanis, G. (1964). Transportation of bed material due to wave action. Number 2. US
Department of the Army, Corps of Engineers.

Kamphuis, J. W. (1975). Friction factor under oscillatory waves. Journal of the Waterways,
Harbors and Coastal Engineering Division, 101(2):135–144.

Kennedy, J. F. and Falcon, M. (1965). Wave-generated sediment ripples. Hydrodynamics
Laboratory, Department of Civil Engineering, Massachusetts . . . .

Kim, H. (1993). Three dimensional sediment transport model. PhD thesis, University of
Liverpool.

Kim, H. (2004). Effective form roughness of ripples for waves. Journal of Coastal Research,
20(3 (203)):731–738.

Launder, B. E. and Spalding, D. B. (1983). The numerical computation of turbulent flows.
In Numerical prediction of flow, heat transfer, turbulence and combustion, pages 96–116.
Elsevier.

Li, H. et al. (1954). Stability of oscillatory laminar flow along a wall.

Li, M. Z., Wright, L., and Amos, C. L. (1996). Predicting ripple roughness and sand
resuspension under combined flows in a shoreface environment. Marine Geology, 130(1-
2):139–161.

Lofquist, K. E. (1978). Sand ripple growth in an oscillatory-flow water tunnel. Technical
report, coastal engineering research center fort belvoir va.

Lofquist, K. E. (1980). Measurements of oscillatory drag on sand ripples. In Coastal Engi-
neering 1980, pages 3087–3108.

Lofquist, K. E. (1986). Drag on naturally rippled beds under oscillatory flows.

Longuet-Higgins, M. S. (1953). Mass transport in water waves. Philosophical Transactions of
the Royal Society of London. Series A, Mathematical and Physical Sciences, 245(903):535–
581.

Longuet-Higgins, M. S. (1981). Oscillating flow over steep sand ripples. Journal of Fluid
Mechanics, 107:1–35.

Lundgren, H. (1958). A pulsating water tunnel. In Proc. 6th Int. conf. Coast. Eng., pages
356–358. ASCE.



103

Malarkey, J. and Davies, A. (2002). Discrete vortex modelling of oscillatory flow over ripples.
Applied Ocean Research, 24(3):127–145.

Manohar, M. et al. (1955). Mechanics of bottom sediment movement due to wave action.

Marieu, V., Bonneton, P., Foster, D., and Ardhuin, F. (2008). Modeling of vortex ripple
morphodynamics. Journal of Geophysical Research: Oceans, 113(C9).

Menter, F. (1993). Zonal two equation kw turbulence models for aerodynamic flows. In 23rd
fluid dynamics, plasmadynamics, and lasers conference, page 2906.

Menter, F. R., Kuntz, M., and Langtry, R. (2003). Ten years of industrial experience with
the sst turbulence model. Turbulence, heat and mass transfer, 4(1):625–632.

Mogridge, G. and Kamphuis, J. (1973). Experiments on bed form generation by wave action.
In Coastal Engineering 1972, pages 1123–1142.

Muzaferija, S. (1994). Adaptive finite volume method for flow prediction using unstructured
meshes and multigrid approach. PhD thesis, University of London London.

Nelson, T. R., Voulgaris, G., and Traykovski, P. (2013). Predicting wave-induced ripple
equilibrium geometry. Journal of Geophysical Research: Oceans, 118(6):3202–3220.

Nielsen, P. (1979). Some basic concepts of wave sediment transport. Series paper, (20).

Nielsen, P. (1981). Dynamics and geometry of wave-generated ripples. Journal of Geophys-
ical Research: Oceans, 86(C7):6467–6472.

Nielsen, P. (1992). Coastal bottom boundary layers and sediment transport, volume 4. World
scientific.

Nikuradse, J. (1933). Stromungsgesetze in rauhen Rohren. VDI-Verlag.

Önder, A. and Yuan, J. (2019). Turbulent dynamics of sinusoidal oscillatory flow over a
wavy bottom. Journal of Fluid Mechanics, 858:264–314.

Open▽FOAM® (2021). Open▽foam®. https://www.openfoam.com.

Rankin, K. L. and Hires, R. I. (2000). Laboratory measurement of bottom shear stress on
a movable bed. Journal of Geophysical Research: Oceans, 105(C7):17011–17019.

Rodríguez-Abudo, S. and Foster, D. (2017). Direct estimates of friction factors for a mobile
rippled bed. Journal of Geophysical Research: Oceans, 122(1):80–92.

Ruggeri, A., Musumeci, R. E., and Faraci, C. (2020). Wave-current flow and vorticity close
to a fixed rippled bed. Journal of Marine Science and Engineering, 8(11):867.

Ruiz., J. B. (2017). Ripple marks in the mediterranean sea.

Saffman, P. G. (1970). A model for inhomogeneous turbulent flow. Proceedings of the Royal
Society of London. A. Mathematical and Physical Sciences, 317(1530):417–433.

https://www.openfoam.com


104

Sarpkaya, T. (1993). Coherent structures in oscillatory boundary layers. Journal of Fluid
Mechanics, 253:105–140.

Sato, S., Mimura, N., and Watanabe, A. (1985). Oscillatory boundary layer flow over rippled
beds. In Coastal Engineering 1984, pages 2293–2309.

Schlichting, H. and Kestin, J. (1979). Boundary layer theory, volume 121. Springer.

Shum, K. (1988). A numerical study of vortex dynamics over rigid ripples. PhD thesis,
Massachusetts Institute of Technology.

Sishah, B. and Vittori, G. (2021). Ranse modeling of the oscillatory flow over two-
dimensional rigid ripples. Journal of Geophysical Research: Oceans, 109(C9).

Sleath, J. (1973). A numerical study of the influence of bottom roughness on mass transport
by water waves. In Proc. Int. Conf. Numerical Methods in Fluid Dynamics, Southampton,
UK.

Sleath, J. (1974). A numerical study of the influence of bottom roughness on mass transport.
In Numerical methods in fluid dynamics: proceedings of the international Conference held
at the University of Southampton, England, from 26th to 28th September 1973, page 482.
Pentech Press.

Sleath, J. (1987). Turbulent oscillatory flow over rough beds. Journal of Fluid Mechanics,
182:369–409.

Sleath, J. F. (1976). On rolling-grain ripples. Journal of Hydraulic Research, 14(1):69–81.

Sleath, J. F. (1984). Sea bed mechanics. John Wiley and Sons Inc., New York, NY.

Soulsby, R. (1997). Dynamics of marine sands. T. Telford London.

Soulsby, R. L., Hamm, L., Klopman, G., Myrhaug, D., Simons, R., and Thomas, G. (1993).
Wave-current interaction within and outside the bottom boundary layer. Coastal engi-
neering, 21(1-3):41–69.

Soulsby, R. L. and Whitehouse, R. J. (2005). Prediction of ripple properties in shelf seas-
mark 2 predictor for time evolution-final technical report.

Spalart, P. R. and Baldwin, B. S. (1987). Direct simulation of a turbulent oscillating bound-
ary layer. In 6th Symposium on Turbulent Shear Flows, pages 461–466.

Swart, D. H. (1974). Offshore sediment transport and equilibrium beach profiles.

Tanner, W. F. (1971). Numerical estimates of ancient waves, water depth and fetch. Sedi-
mentology, 16(1-2):71–88.

Traykovski, P., Hay, A. E., Irish, J. D., and Lynch, J. F. (1999). Geometry, migration,
and evolution of wave orbital ripples at leo-15. Journal of Geophysical Research: Oceans,
104(C1):1505–1524.



105

van der Werf, J. J., Doucette, J., O’Donoghue, T., and Ribberink, J. (2007). Detailed
measurements of velocities and suspended sand concentrations over full-scale ripples in
regular oscillatory flow. Journal of Geophysical Research: Earth Surface, 112(F2).

van der Werf, J. J., Magar, V., Malarkey, J., Guizien, K., and O’Donoghue, T. (2008). 2dv
modelling of sediment transport processes over full-scale ripples in regular asymmetric
oscillatory flow. Continental Shelf Research, 28(8):1040–1056.

Van Rijn, L. C. et al. (1993). Principles of sediment transport in rivers, estuaries and coastal
seas, volume 1006. Aqua publications Amsterdam.

Vittori, G. (1989). Non-linear viscous oscillatory flow over a small amplitude wavy wall.
Journal of Hydraulic research, 27(2):267–280.

Vittori, G. and Blondeaux, P. (1990). Sand ripples under sea waves part 2. finite-amplitude
development. Journal of Fluid Mechanics, 218:19–39.

Weldon, M. J. (2007). Experimental studies of shear stress and flow separation in low
Reynolds number flows. PhD thesis, Massachusetts Institute of Technology.

Wiberg, P. L. and Harris, C. K. (1994). Ripple geometry in wave-dominated environments.
Journal of Geophysical Research: Oceans, 99(C1):775–789.

Wikramanayake, P. N. and Madsen, O. S. (1994). Calculation of movable bed friction
factors. Technical report, Massachusetts Institute of tech Cambridge ralph m parsons lab
for water resources.

Wilcox, D. C. (1988). Reassessment of the scale-determining equation for advanced turbu-
lence models. AIAA journal, 26(11):1299–1310.

Wilcox, D. C. (1992). The remarkable ability of turbulence model equations to describe
transition. In The Fifth Symposium on Numerical and Physical Aspects of Aerodynamic
Flows 7 p (SEE N93-27427 10-02). California State Univ.

Wilcox, D. C. (1998). Turbulence modeling for CFD, volume 2. DCW industries La Canada,
CA.

Yalin, S. and Russell, R. (1962). Similarity in sediment transport due to waves. Coastal
Engineering Proceedings, (8):12–12.

You, Z.-J. and Yin, B. (2007). Direct measurement of bottom shear stress under water
waves. Journal of Coastal Research, pages 1132–1136.

Yuan, J. and Wang, D. (2018). Experimental investigation of total bottom shear stress for
oscillatory flows over sand ripples. Journal of Geophysical Research: Oceans, 123(9):6481–
6502.

Zedler, E. A. and Street, R. L. (2006). Sediment transport over ripples in oscillatory flow.
Journal of Hydraulic Engineering, 132(2):180–193.


	Results
	The time- and ripple-averaged flow field

	Conclusions

