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Comparison of the horizontal velocity variation with depth for the experiment by
Jonsson and Carlsen (1976) and results of the numerical model is presented in the left
panel of Figure 5.5 for phases between 0o and 180o at intervals of 45o. The numerical
model was able to accurately predict the velocity profiles in the irrotational region as well
as in the wave boundary layer.

The right panel of Figure 5.5 presents the time-dependent and phase-averaged velocity
profile measured above certain heights from the top of the crests and at mid-distance
between consecutive crests. The lines in the figure are the predictions by the RANSE
model and the symbols represent the experimental measurements. A good prediction was
obtained.

The other performance test carried out was with the bottom shear stress (τb). Jonsson
and Carlsen (1976) used two approaches to compute this quantity. The first approach
uses the momentum integral equation defined by equation (3.10). The second method
used the Nikuradse velocity profile for a turbulent flow over a rough bottom with the
assumption that the Nikuradse law can be used for unsteady flows. Nikuradse law is
known to perform well for steady flows or flows with small acceleration changes (Jonsson
and Carlsen, 1976; Kim, 2004).
The expression for the Nikuradse velocity profile is:

u

uτ

= 5.75log30z
k

(5.2)

where uτ is the friction velocity, z is the height above the ’theoretical bed level’, shown in
Figure 5.4, and ks is the Nikuradse roughness height.

In both approaches, velocities measured at particular heights above the bottom con-
figuration were considered. In the first approach, a central differencing scheme was used
for the derivatives and the trapezoidal rule for the numerical integration. In the second
approach, using equation (5.2), the velocity profiles at different phases where plotted in
a semi-logarithmic plot. The best fit line (i.e. with a linear regression) of the measured
velocities to a logarithmic variation will be drawn. In such a plot, with a small manipula-
tion of equation (5.2) and taking two arbitrary points on the fit line, (u1,z1) and (u2,z2),
uτ can be computed with equation (5.3). The bottom shear stress is then computed using
the relation ρuτ

2.

5.75uτ = u2 − u1

logz2 − logz1
(5.3)

The semi-logarithmic plot also allows the determination of the position of the "theoret-
ical bed level" and ks. Accordingly, for test number one, the position of the theoretical bed
level was 0.25 cms above the original bed level and the bottom roughness was computed
to be 2.3 cms and.

The time-dependent bottom shear stresses computed computed by Jonsson and Carlsen
(1976) is shown with circles in Figure 5.6. The black thick line then shows the time-
dependent bottom shear stresses computed with the first approach utilizing velocity re-
sults of the numerical model for depths reported by the experiment. A fair comparison
between the two is observed.
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Figure 5.6: Comparison of the bottom shear stress computed with different method. U0= 2.11
m/s, ω =0.75 s−1, ν=1.4 10−6 m2/s. Test number one of Jonsson and Carlsen (1976).

However, when all velocity along depth are used to compute the bottom shear stress
(Computed by the numerical model (red) and using the first approach and utilizing all
velocity results of the numerical model along a depth (broken line)), the bottom shear
stress profile deviates from that computed by Jonsson and Carlsen (1976). This is because,
computation of the bottom shear stress is sensitive to the resolution of velocity data sets
used. Better resolution gives better results. It appears that the local shear stresses
reported by Jonsson and Carlsen (1976) used limited number of data points to predict
the bottom shear stress.

Overall, we believe the results presented by the red and the broken line are repre-
sentative of the bottom shear stress for test number one of Jonsson and Carlsen (1976).

5.2.2. Comparison with Blondeaux and Vittori (1991b)

The validation case reported on Figure 5.7 is based on a direct numerical simulation
carried out by Blondeaux and Vittori (1991b) which represented the condition when an
oscillatory flow interacts with large-amplitude ripples for moderate values of the Reynolds
number. The dynamics of the larger vortices formed during flow separation at the ripple
crests and along the ripple profile are examined and reported in Figure 5.7. The flow
starts from rest and a clockwise vorticity is generated along the ripple profile close to
the ripple’s crest, Figure 5.7a. Next to follow is the thickening of the boundary layer on
the downstream side of the ripple which leads to the formation of a vortex of opposite
sign, Figure 5.7b and Figure 5.7c. The vorticity rolls up, Figure 5.7c and Figure 5.7d.
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Pairing up of the primary vortex with a secondary vortex from a previous half cycle
will take place and the primary vortex will drag beneath it the secondary vortex, Figure
5.7e and Figure 5.7f. In the second half cycle, primary vortex of the previous half cycle
dissipates as it convectes in the wave boundary layer, Figure 5.7g and Figure 5.7h. The
phenomena repeats itself for every cycle. Figure 5.7 of Blondeaux and Vittori (1991b)
is reproduced with the numerical model in Figure 5.8. Panel to panel comparison shows
that the RANSE model was able to qualitatively reproduce the results of Blondeaux and
Vittori (1991b).

5.2.3. Comparison with Önder and Yuan (2019)

DNS of a turbulent oscillatory flow over a fixed two-dimensional wavy wall was per-
formed by Önder and Yuan (2019) for values of the Reynolds number such that the flow
is with the fully developed turbulent regime. Two cases were simulated in Önder and
Yuan (2019) investigation. The test cases chosen here for the performance analysis has a
Reynolds number of ( Re= a2ω/ν) of 10,000.

The velocity vector plots obtained during a half-cycle and shown in Figure 4 of Önder
and Yuan (2019) are reproduced here in Figure 5.9. Blue arrows are results of the numer-
ical model and red arrows are results obtained by Önder and Yuan (2019). The results
of the RANSE model compares well with results of the DNS model by Önder and Yuan
(2019).

5.2.4. Comparison with Du Toit and Sleath (1981)

Comparison between the results of the RANSE model and laboratory experiments
of Du Toit and Sleath (1981), that used regular waves to generate self-formed ripples
is reported in this subsection. Reynolds number of the cases was in the intermittently
turbulent regime.

Streamwise component of the phase-averaged velocity computed from measured values
above the ripple crest at y/L = 0.54 and above the ripple trough at y/L = 0.46 are
reported using a solid line in the left and right panels of Figure 5.10, respectively. Similarly,
results of the RANSE model are reported with broken lines. Results obtained by means
of the present model compares well with the experimental measurements. Furthermore,
in the left panel of Figure 5.10, the RANSE model was able to reproduce the small scale
velocity fluctuations observed in the measurement by Du Toit and Sleath (1981).

In an oscillatory flow over ripples Eulerian drift velocities form. A further validation
was carried out considering the Eulerian drift velocity in the vicinity of the ripple crest
and trough. Figure 5.11 shows measurements of the horizontal component of the Eulerian
drift velocity over four vertical traverses. In the left panel, traverses over a self formed
ripple crest and trough are presented with dots while that computed from the RANSE
model are presented with solid lines. A decent prediction was made by the RANSE
model. On the Right panel of Figure 5.11 on the other hand, the vertical traverses were
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Figure 5.7: Vorticity contours: ∆ω = 0.15, bold lines are clockwise vorticity and light lines are
counterclockwise vorticity). Reδ = 50, h/L = 0.15, U0/(ωL) = 0.75. a) ωt= π

4 , b) ωt= π
2 , c)

ωt= 3π
4 , d) ωt= π, e) ωt= 5π

4 , f) ωt= 3π
2 , g) ωt= 7π

4 , h) ωt= 2π. Adapted from (Blondeaux and
Vittori, 1991b).
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Figure 5.8: Time development of vorticity for the same values of the parameters and for the
same times as Figure 6 by Blondeaux and Vittori (1991b). Blue and Red colors represent
regions of clockwise and counterclockwise vorticity, respectively. Re = 1.25 × 103, h/L = 0.15,
U0/(ωL) = 0.75. a) ωt= π

4 , b) ωt= π
2 , c) ωt= 3π

4 , d) ωt= π, e) ωt= 5π
4 , f) ωt= 3π

2 , g) ωt= 7π
4 ,

h) ωt= 2π.
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Figure 5.9: Velocity profiles (u/U0) at different positions along the ripple profile during half-
cycle for case C1, shown in Figure 4 of Önder and Yuan (2019). Re = 1.0 × 104, h/L = 0.17,
U0/(ωL) = 0.83: a) ωt = 0, b) ωt = 4π

32 , c) ωt = 8π
32 , d) ωt = 12π

32 , e) ωt =16π
32 , f) ωt =20π

32 , g)ωt =
24π
32 h) ωt =28π

32 . Blue arrows: present results. Red arrows: results by Önder and Yuan (2019).
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Figure 5.10: Comparison of the time development of the phase-averaged longitudinal velocity
(û), provided by the present model (solid line) versus the measurements by Du Toit and Sleath
(1981) (broken line) , Re = 1.5 × 104, h/L = 0.17, U0/(ωL) = 0.7. Left panel: velocity above
the ripple crest at y

L = 0.54. Right panel: velocity above the ripple trough at y
L = 0.46. The

results of the numerical model are phase-averaged over 8 periods.

Figure 5.11: Time averaged velocity profiles for the same values of the parameters and at
the same locations along the ripple profile as in Du Toit and Sleath (1981). Solid lines =
model results, circles= experimental measurements by Du Toit and Sleath (1981). U0/ωL=0.74,
Re = 1.76 × 104 and h/L = 0.20.
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equally spaced between crest and trough and the Eulerian drift velocities computed from
measurement and the RANSE model are reported with dots and solid lines, respectively.
A fair prediction was made by the RANSE model. The rmse of the difference between
present results and those by Du Toit and Sleath (1981), divided by U0, is equal to 0.04
and to 0.02 for the measurements above the crest and trough of the ripple (left panel) and
is equal to 0.06 and to 0.08 for the measurements at L/3 and at L/6 from the crest (right
panel), respectively. Henceforth, even when considering the time-averaged quantities, the
numerical model provides reliable results.



Chapter 6
Results

Ripples formed at the seabed influence both the surface wave and the sediment trans-
port dynamics in the nearshore region. Indeed, they dissipate wave energy and influence
the spatial and temporal evolution of sediment concentration close to the seabed.

In the present contribution, numerical modelling is used to perform a parametric study
of the turbulent flow field generated near a rippled bed. The contribution aims to detect
features of the flow field that influence the ripple shape and sediment transport.

The flow field in the numerical model is generated by a purely oscillating pressure
gradient, such as that generated by a first-order Stokes wave. The Reynolds numbers’
values are such that, at least during part of the oscillation cycle, the flow is turbulent. In
this regard, the k − ω−-SST turbulence model is incorporated in the numerical model to
compute the turbulent stresses.

Blondeaux and Vittori (1991b) show that the flow field depends on three dimensionless
parameters. Indeed, Blondeaux and Vittori (1991b) used the viscous scale (δ) as the scale
for the lengths, U0 as the scale for the velocities, and ω as the scale for time and wrote
the governing equation and boundary condition in terms of dimensionless quantities. In
their problem, three dimensionless parameters appear: Reδ, h/δ and Kδ.

Field values of both the ripple steepness and the ratio between the amplitude of fluid
oscillations and ripple wavelength depend on the Shield parameter or, equivalently, on
the mobility number (Nielsen, 1992). However, for an assigned value of the mobility
parameter, laboratory and field data of h/L and U0/(ωL) show a large scatter.

In the present investigation, the results are described in terms of the following three
dimensionless parameters: i) the ripple steepness h/L, ii) the ratio U0/(ωL), between
the amplitude of fluid oscillations close to the bottom and the ripple wavelength, iii) the
Reynolds number Re = U2

0/ων. It is easy to show that the parameters used in the present
investigation can be related to those used by Blondeaux and Vittori (1991b):

h

L
= 2
Reδ

(
h

δ

)(
U0

ωL

)
; U0

ωL
= Reδ

4π Kδ; Re = Re2
δ

2

In the present investigation, the values of the slope of the ripples were fixed to be
equal to 0.18 because typical values of the steepness of vortex ripples range from 0.1 to
0.2 (Soulsby, 1997) and according to Nielsen (1992), refer to Figure 3.4.5, typical value
of ripple steepness for moderate values of the shields number is around 0.18. A reference
value for the ratio between U0/ω, which measures the fluid excursion far from the ripple,
and L is 0.75 Sleath (1984); Nielsen (1992).

In a simulation where the ripple is considered fixed, dimensions of the ripple length and
height must be provided. In this regard, a method proposed by Soulsby and Whitehouse
(2005) was used in this investigation to compute the height and length of an equivalent
ripple geometry for known wave and sediment characteristics.

The predictor recommended by Soulsby and Whitehouse (2005) relates the ripple
height and length to the ratio between the wave orbital radius and the median grain
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Table 6.1: Values of the parameters of the numerical simulations.

Re. h/L Uo/(ωL)
8.1×104 0.18 0.54-3.6
1.4×105 0.18 0.72-3.6
2.2×105 0.18 0.72-3.6
3.2×105 0.18 0.72-3.6
4.4×105 0.18 0.72-3.6

diameter of sediment. Accordingly, when the flow Shield’s number is greater than the
critical Shield’s number at the incipient of motion, the equilibrium ripple length and
height are computed with the empirical equations (2.7) and (2.10), respectively.

In this regard, in Table 6.1 ranges of the parameters considered in the present investi-
gation are reported. They are typical of the nearshore region. For example, Re 8.1 ×104

can be found under a wave with period equal to 7 seconds, propagating over 2 m depth
and with amplitude and wavelength equal to 0.13 m and 30 m, respectively. The values
of the parameter Uo/(ωL), considering the range of the ripple wavelength L estimated
using the formula by Soulsby and Whitehouse (2005) and assuming medium sand, range
between 1.7 and 4.8 for Re ranging from 8.1×104 to 4.4×105. Table 6.1 shows that some
of the values of Uo/(ωL) presently considered are outside the range of active ripples and
refer to the situation of relict ripples.

This Chapter contains three sections. The first section details the time-dependent flow
focusing on the vorticity field, the bottom shear stress, and the horizontal force acting on
the ripple surface. The second and third sections focus are the time-averaged flow field
and the time- and ripple-averaged flow fields, respectively.

6.1. The time-dependent flow field

6.1.1. The vorticity field

The oscillatory flow over vortex ripples is dominated by the dynamics of the vortices
shed from the ripple crests during each half oscillating cycle. Let us consider the case
characterized by Re = 8.1×104 and U0/(ωL) = 0.72. As can be seen in Figure 6.1, during
the last stages of the accelerating phases and early decelerating phases of the 10th cycle,
when the outer flow is directed from left to right, a thick layer of negative (clockwise)
vorticity is observed on the lee side of the ripple profile. As the flow decelerates, this
thick vorticity layer rolls up and forms a well-defined vortex structure (refer to Figure
6.1a,b). This vortex generates a thin layer of positive (counter-clockwise) vorticity along
the ripple surface (Figure 6.1a,b). Just before the outer flow reverses direction, the vortex
with negative vorticity moves towards the negative direction of the x− axis and drags the
layer of positive vorticity Figure (6.1c). As the negative vortex travels towards the left,



69

Figure 6.1: Evolution of dimensionless vorticity (Ω/ω) over a ripple for U0/ωL=0.72 and Re =
8.1 × 104, h/L = 0.18: a) ωt = 18.16π, b) ωt = 18.53π, c) ωt = 18.86π, d) ωt = 19.16π. The
color bar at the side of each panel shows the values of Ω/ω.

the layer of positive vorticity stretches from the right to the left of the computational
domain. Then, after the end of the accelerating period, a thick layer of positive vorticity
is present along the trough of the ripple. Due to the symmetry of the ripple profile and to
the purely oscillatory pressure gradient that drives the flow, the evolution of the vorticity
in the following half-cycle is expected to be the mirror image of that previously described.
However, a significant asymmetry can be noticed comparing Figure 6.1a, which shows
vorticity at ωt = 18.16π, with Figure 6.1d, which shows the vorticity field after exactly
half a period. It will be shown in the following that this loss of symmetry is related to
the appearance of a steady streaming that can point either onshore or offshore.

As U0/(ωL) is increased, the asymmetry in the flow becomes more evident, as can be
seen by comparing the panels (a) and (d) of Figure 6.2, which shows the vorticity for the
same times as Figure 6.1 and for the same value of Re but for a larger value of U0/(ωL).

Blondeaux and Vittori (1991a) showed that the laminar flow over vortex ripples pro-
gresses towards a chaotic behavior as the Reynolds number is increased. In particular,
Blondeaux and Vittori (1991a) showed that, as the Reynolds number is increased, the
flow field over two-dimensional ripples experiences an infinite sequence of period dou-
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Figure 6.2: Time development of dimensionless vorticity (Ω/ω) for U0/(ωL)=1.53 and Re =
8.1 × 104, h/L = 0.18. a) ωt=18.16 π; b) ωt=18.53 π; c) ωt=18.86 π, d) ωt= 19.16 π. The
color bar at the side of each panel shows the values of Ω/ω.

blings according to the Feigenbaum scenario of transition to chaos. The effect of the first
period-doubling on the vortices shed from the ripple crest is such that the vortex which
forms on one side of the ripple crest during one half oscillation cycle is larger than that
which forms on the other side during the following half-cycle. Present results suggest that
if U0/(ωL) is increased, a similar process occurs, even if the flow regime is turbulent.

The increase of the ratio between the amplitude of fluid oscillations and the ripple
wavelength (U0/(ωL)) also causes an increase in the longitudinal size of the vortex (com-
pare Figure 6.2a and Figure 6.1a) and an increase in the distance traveled by the vortex
shed from the ripple crest (compare Figure 6.2c and Figure 6.1c). Figure 6.2b shows that
the positive vorticity, which interacts with the negative vortex, reaches larger distances
from the bed, compared to the case with a lower value of U0/(ωL) (Figure 6.1b).

As Re is increased, the intensity of the vorticity generated by the ripple profile in-
creases. This cannot be appreciated looking at Figures 6.1 and 6.3 because the range of
values of the spanwise vorticity shown in the figures was chosen to highlight the dynamics
of the coherent vortex structures of large scale shed from the crests of the ripples and
not the thin layer adjacent to the ripple profile, where vorticity is generated. The visu-
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alization of the thin layers of extremely high vorticity which form on the ripple surface,
would not allow a clear visualization of the large vortices. Moreover, the increase of con-
vective effects, associated to the increase of Re, causes an earlier reversal of the direction
of migration of the vortices released from the crests (compare Figure 6.3b and 6.1b) and
the vortex pair travels at larger distances from the ripple profile (compare Figure 6.3c
and 6.1c). Due to the prevalence of convective effects over diffusive effects associated to
the high values of Re, Figure 6.3d shows that the vortex released from the crest in the
previous period is not completely dissipated and it merges with the vortex which is in the
process of formation at the crest, refer to Figure 6.3d.

Figure 6.3: Evolution of dimensionless vorticity (Ω/ω) over a ripple for U0/(ωL)=0.72 and
Re = 4.4 × 105, h/L = 0.18. a) ωt=18.16 π; b) ωt=18.53 π; c) ωt=18.85 π, d) ωt= 19.0 π. The
color bar at the side of each panel shows the values of Ω/ω.

6.1.2. Shear stress on the ripple

The bottom shear stress over a surface with ripples has two components: skin friction
drag (tx(v)) and form drag (tx(p)). In Section 3.4., these components were related to a
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viscous and a pressure contribution, respectively. Here these contributions to the bottom
shear stress will be discussed in relation to the parameters that influence the flow.

tx
(v) can be related to the vorticity dynamics discussed in Section 6.1.1.. This is

because both quantities are functions of the velocity gradient. In this regard, the presence
of a negative and a positive vortex component over a ripple surface means the presence of
a negative and a positive directed tx(v) over the ripple surface, respectively. Furthermore,
the change in the sign of the vorticity component over a ripple surface is a change in the
direction of tx(v). When tx(v) is zero, it indicates the location of a separation (Shum, 1988;
Weldon, 2007).

The saptio-temporal distribution of tx(v) for the parameters U0/(ωL) = 0.54 and Re =
8.1×104 is shown in Figure 6.4. For ease of interpretation, a cycle progresses as Uo sin(ωt).
In previous discussions, it should be noted that it progressed as Uo cos(ωt). The shift is
needed in order to perform a direct comparison with results reported by Grigoriadis et al.
(2012). In the figure, the horizontal blue lines indicate the phases for which additional
information is provided on the evolution of the non-dimensional vorticity in Figure 6.5.

In Figure 6.4, as the forward separation increases at ωt = 17.60 π, a region of high
wall shear stress is induced by the shear layer and extends further upstream of the ripple
crest. This occurs at the phase indicated by (a). The vorticity dynamics at this instance
is shown in Figure 6.5 a. The primary vortex seen at the stoss side of the ripple has
its core above the ripple surface, dragging with it a secondary vortex whose footprint is
visible over the ripple surface.

Grigoriadis et al. (2012) performed a LES with and without imposing a unidirectional
current over fixed ripples of different steepness.In their investigation, the outer flow pro-
gressed as Uo sin(ωt) . For a case without current and when the ripple steepness is 0.2,
the forward separation occurred at 200. For the case shown in Figure 6.4, the forward
separation takes place at 18.5o.

Moreover, Grigoriadis et al. (2012) identified two distinct behaviours in the spatio-
temporal distribution of tx(v), which they termed as ’early’ and ’late’ stages. The ’early’
stage occurred between phases 00 and 900 for the forward and between phases 1800 and
2700 for the backward separations, respectively. In this category, they found the phase-
rate of the primary recirculation length to scale with the ripple height. The ’late’ stage
occurred between phases 900 and 1800 for the forward and between phases 2700 and 3600

for backward separations, respectively. They found that the phase rate of the recirculation
length was significantly reduced and not depending on the ripple steepness. A similar
behavior was observed with the primary recirculation length given by the broken line in
Figure 6.4.

Given the symmetry of the ripple profile and the periodicity of the pressure gradient
that drives the flow, it is expected that any two phases shown in Figure 6.4 separated by
1800 to be mirrors of one another:

tx
(v)(x, t) = −tx(v)(L− x, t+ T/2) for 0 < x < L (6.1)

However, observing the ratio of stress covered by the mirror phases, such as (b) and
(d), it becomes clear that they are not mirrors of one another. Indeed, the dimensionless
vorticity plot of Figure 6.5 panels (b) and (d) illustrates that the flow is only partially
symmetric.
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Figure 6.4: The dimensionless spatio-temporal distribution of the viscous contribution to the
horizontal component of the bed shear stress (tx

(v)/(ρUoωδ)) exerted by the fluid on the ripple
profile. The blue lines indicate phases: a) ωt=17.60 π, b)ωt=18.06 π, c)ωt=18.60 π, d) ωt=19.06
π. Re = 8.1 × 104, U0/(ωL) = 0.54. The color bar at the side of each panel shows the values
of tx

(v)/(ρUoωδ).

The evolution tx
(p) for parameters of the flow, U0/(ωL) = 0.54 and Re =8.1 × 104

is shown in Figure 6.6. Also, in Figure 6.7, corresponding dimensionless pressure ( top
panels) and vorticity (bottom panels) fields for ωt indicated by lines (a) - (e) in Figure
6.6 are given.

The presence of a ripple profile produces an excess pressure that is responsible for
drag and lift forces over the ripple surface (Yuan and Wang, 2018). This excess pressure
can be related to the coherent motions of the primary and secondary vortices over rip-
ples. Pressure is lower in a vortex core and higher downstream where the separated flow
reattaches to the boundary (Sato et al., 1985).

In Figure 6.7, top and bottom panels, pressure and vorticity fields are shown, respec-
tively. In the bottom panel of Figure 6.7a, a primary vortex is shed from the lee side of
the ripple. On the same panel top, the location where the primary and secondary vortices
are interacting have a zone of peak negative pressure. A zone of peak positive pressure
is observed downstream of the separation point where the flow reattaches to the bound-
ary. These zones of low and high pressure have their footprints on the spatio-temporal
distribution of tx(p) over a ripple surface as shown in Figure 6.6. These variations can be
expressed by the form drag contribution to the bed shear stress.

tx
(p) over a rippled surface depends on the magnitude and sign of the pressure field

over the ripple surface and the magnitude and direction of the ripple surface area normal
vector (n) which is pointing towards the fluid domain. In this regard, for the ripple profile
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Figure 6.5: Time development of dimensionless vorticity (Ω/ω) for U0/(ωL) = 0.54 and Re =
8.1 × 104, h/L = 0.18. : a) ωt=17.60 π, b)ωt=18.06 π, c)ωt=18.60 π, d) ωt=19.06 π . The
color bar at the side of each panel shows the values of Ω/ω.

described by Figure 4.1, nx is positive for the left half of the ripple and negative for the
right half. At the ripple trough, tx(p) is always zero because nx is zero.

In Figure 6.7c, bottom panel shows the instance when the primary vortex is rolling
up and forming a well-defined vortex structure, at this instance on the top of the same
panel, it is shown that the pressure is negative where the vortex is and over the ripple
surface the pressure distribution is close to zero. Similarly, at this phase, in Figure 6.6, it
is shown that tx(p) over the ripple surface is close to zero.

In Figure 6.7 panels (a) and (d), and (b) and (e) are half a cycle apart and are
expected to be mirrors of one another. The asymmetry in their vorticity and pressure
fields is visible. Indeed, the modulus of tx(p) in the right part of the Figure 6.6 is lower
than that on the left side of the ripple, half a period later.

The nondimensional spatio-temporal distribution of (τb) is shown in Figure 6.8. Be-
cause tx

(p) is one order of magnitude larger than tx
(v), τb and tx

(p) has near identical
plots.

In Figure 6.9, panels left and right, the nondimensional spatio-temporal distribution
of tx(v) and tx

(p) over the ripple surface are respectively presented for U0/(ωL) = 1.8 and
Re = 8.1×104. The right panel shows a reduction in the magnitude of tx(p) when compared
to that shown for U0/(ωL) = 0.54 in Figure 6.6. This could be related to a decrease in
the ripple height. As the ripple steepness is fixed in this investigation, a decrease in L
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Figure 6.6: The dimensionless spatio-temporal distribution of the pressure contribution to the
horizontal component of the bed shear stress (tx

(p)/(ρUoωδ)) exerted by the fluid on the ripple
profile. The blue lines indicate phases: a) ωt=17.76 π, b)ωt=18.16 π, c)ωt=18.50 π, d)ωt=18.76
π e) ωt=19.16 π. Re = 8.1 × 104, U0/(ωL) = 0.54. The color bar at the side shows the values
of tx

(p)/(ρUoωδ).

Figure 6.7: Time development of dimensionless pressure (top panels: p/(ρωUoδ)) and vorticity
(bottom panels: Ω/ω) for U0/(ωL) = 0.54 and Re = 8.1 × 104, h/L = 0.18. : a) ωt=17.76 π,
b)ωt=18.16 π, c)ωt=18.50 π, d) ωt=18.76 π e) ωt=19.16 π.

is a decrease in h and for a fixed Re, the smaller the ripple height is, the lower would
be the form drag. As in previous discussions, the dimensionless vorticity plots provided
in Figure 6.10 can be related to the left panel of Figure 6.9 and the dimensionless plots
of pressure and vorticity fields shown in Figure 6.11 can be related to the right panel of
Figure 6.9.

In Figure 6.11, flow asymmetry associated with the increase in U0/(ωL) is visible when
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Figure 6.8: The dimensionless spatio-temporal distribution of the horizontal component of the
bed shear stress (tx

(p)/(ρUoωδ)) exerted by the fluid on the ripple profile. Re = 8.1 × 104,
U0/(ωL) = 0.54. The color bar at the side shows the values of tx

(p)/(ρUoωδ).

the vorticity plots of phases that are half a cycle apart are compared to one another (
compare panel a with panel d and panel b with panel e).

In the left and right panels of Figure 6.12, keeping Uo/(ωL) fixed, the spatio-temporal
distribution for tx(v) and tx

(p) are given for the Reynolds number 4.4 × 105. The purpose
is to assess the effect of increasing Re on the spatio-temporal distribution of the bottom
shear stress. Clearly, an increase in Re is shown to have increased the magnitudes of
both bottom contributions to the bottom shear stress. Furthermore, tx(p) shows more
symmetry. On the other hand, the symmetry shown by tx(v) has reduced. As in previous
discussions, the dimensionless vorticity plot given by Figure 6.13 can be related to the
left panel of Figure 6.9. Similarly, the plots provided for the dimensionless pressure and
vorticity fields in Figure 6.14 can be related to the right panel of Figure 6.9.

6.1.3. Horizontal force on the ripple

In practical applications which involve the flow over spatial scales much larger than
the ripple length, it is appropriate to consider the x−component of the force per unit bed
area (τx). It was defined by equation (3.18):

In the left panel of Figure 6.15, the time-evolution of τx is shown for parameters of the
flow such that Re = 8.1×104 and U0/(ωL) = 0.54. Consistent to the previous subsection,
τx is mainly contributed by the form drag. The contribution of the skin friction drag to τx
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Figure 6.9: The dimensionless spatio-temporal distribution of the viscous (left panel:
tx

(v)/(ρUoωδ) ) and pressure (right panel: tx
(p)/(ρUoωδ)) contributions to the horizontal com-

ponent of the bed shear stress (tx) exerted by the fluid on the ripple profile. The blue lines
indicate phases, for left panel: a) ωt=17.60 π, b)ωt=18.06 π, c)ωt=18.60 π, d) ωt=19.06 π
and right panel: a) ωt=17.76 π, b)ωt=18.16 π, c)ωt=18.50 π, d) ωt=18.76 π e) ωt=19.16 π.
Re = 8.1 × 104, U0/(ωL) = 1.8.

is one order of magnitude smaller than the form drag. τx attains two local peaks per half
cycle, in the phase range between end of the accelerating phase and the early beginning of
the decelerating phase. The larger peak coincides with the vortex shading, refer to panel
a of Figure 6.7.

In the left panel of Figure 6.15, points marked (a)-(e) represent phases for which the
dimensionless plots of pressure and vorticity fields are given in Figure 6.7. Two peaks are
shown per half cycle in the friction factor (i.e 2τx/(ρUo

2)) plot. They occur at the end of
the accelerating and at the beginning of the decelerating phases. In top panels of (a) and
(b) of Figure 6.7, a spike in the positive pressure at the flow reattachment zone, which
is reason for the sudden increases in the force per unit bed area shown in the left panel
of Figure 6.15 with circles (a) and (b). Dimensionless pressure and vorticity plots shown
in panels (d) and (e) of Figure 6.7 are half a cycle apart from those shown by panels (a)
and (b), respectively. They are not mirror to one another, because of the asymmetry in
the flow field. In Figure 6.15, at point (c), τx is zero.

The viscous contribution to τx is shown in the right panel of Figure 6.15. It attains a
peak per half cycle. This peak occurs at the end of the accelerating phase before the outer
flow attains a maximum. The dimensionless vorticity fields for the phases represented by
the red circles are shown in Figure 6.5 . At phase (a), the primary vortex over the ripple
surface is built up at the stoss side of the ripple causing an increase in the velocity gradient
and in the thickness of the shear layer. Moreover, the peak of the viscous contribution
occurs prior to the peaks of τx. Phases (c) and (d) are 180o apart from phases (a) and
(b), respectively. They show the asymmetry developed in the flow.

In Figure 6.16, the time evolution of the τx for the tenth cycle is presented for three
values of the parameter U0/(ωL). The time-dependent plots share similar features in that
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(a) (b)

(c) (d)

Figure 6.10: Time development of dimensionless vorticity (Ω/ω) for U0/(ωL) = 1.8 and Re =
8.1 × 104, h/L = 0.18. : a) ωt=17.60 π, b)ωt=18.06 π, c)ωt=18.60 π, d) ωt=19.06 π . The
color bar at the side of each panel shows the values of Ω/ω.

they have two local maximums in a half cycle, but the location and magnitude of the
peaks differ. For U0(ωL) less than unity, the peak of τx is the one on the left side. When
U0/(ωL) approximately equals unity, the two peaks have similar ranges. When U0/(ωL)
is above unity, the peak is τx found on the right side. It has been shown that a further
increase in U0/(ωL) reduces the secondary peak.

In Figure 6.17, time development plots of τx of all cycles in a run with their ensemble
average τ̂x are shown. The scattering observed when Uo/(ωL) is smaller vanishes as the
parameter takes larger values.

In Figure 6.18, for values of U0/(ωL) above and below unity and for different Reynolds
numbers, τ̂x is plotted. Reynolds number of flow does not seem to have a significant
influence on the time-dependent profile of τ̂x.

In Figure 6.19 results of the time-dependent τ̂x computed by the current numerical
model considering run ID ’Ta050’ of Yuan and Wang (2018) experiment of a turbulent
oscillatory flow over self-formed ripples is compared to τ̂x computed in the experiment.
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(a) (b) (c) (d) (e)

Figure 6.11: Time development of dimensionless pressure (top panels: p/(ρωUoδ)) and vorticity
(bottom panels: Ω/ω) for U0/(ωL) = 1.8 and Re = 8.1 × 104, h/L = 0.18. : a) ωt=17.76 π,
b)ωt=18.16 π, c)ωt=18.50 π, d) ωt=18.76 π e) ωt=19.16 π.

Figure 6.12: Similar to caption of Figure 6.9, but with U0/(ωL) = 0.54 and Re = 4.4 × 105.

The prediction made by the current model is fair as far as the amplitude of the maxima is
concerned but not particularly good regarding the time development of the shear stress.
In judging the comparison between numerical and experimental results, first it should be
kept in mind that Yuan and Wang (2018) performed their measurements over a bed of
active ripples. Second, Yuan and Wang (2018) measured the pressure difference between
a rippled and a flat bed case at a given position in space (∆p) and related this quantity
to τx by using a simplified model. From Figure 6.19 it can be appreciated that the values
of the maxima of τx and its phases during the two half cycles are slightly different.

Figure 6.20 shows the values of the maxima of 2|τx|/(ρU2
0 ) (left panel) and of the

difference of the phase of the maxima of the outer velocity and that of τ̂x (∆Φ, right
panel), for all the runs. Due to the oscillatory character of the flow, each period |τx| has
two maxima, which can be slightly different as it can be seen by comparing the first row
of Figure 6.20, which refer to the first maximum, with the second row, which refers to
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(a) (b)

(c) (d)

Figure 6.13: Time development of dimensionless vorticity (Ω/ω) for U0/(ωL) = 0.54 and Re =
4.4 × 105, h/L = 0.18. : a) ωt=17.60 π, b)ωt=18.06 π, c)ωt=18.60 π, d) ωt=19.06 π . The
color bar at the side of each panel shows the values of Ω/ω.

(a) (b) (d) (e)(c)

Figure 6.14: Time development of dimensionless pressure (top panels: p/(ρωUoδ)) and vorticity
(bottom panels: Ω/ω) for U0/(ωL) = 0.54 and Re = 4.4 × 105, h/L = 0.18. : a)ωt=17.76 π,
b)ωt=18.16 π, c)ωt=18.50 π, d) ωt=18.76 π e) ωt=19.16 π.
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Figure 6.15: Time evolution of the dimensionless x−component of the force per unit bed area
(τx/(ρUo

2)) for the 10th cycle. Left panel: the total and pressure forces, and right panel: The
viscous force. The phase indicated by circles are, for left panel: a) ωt=17.76 π, b)ωt=18.16 π,
c)ωt=18.50 π, d) ωt=18.76 π e) ωt=19.16 π and right panel: a) ωt=17.60 π, b)ωt=18.06 π,
c)ωt=18.60 π, d) ωt=19.06 π. Re = 8.1 × 104, U0/(ωL) = 0.54. The black line shows the outer
velocity that progresses as sin(ωt).

Figure 6.16: Time evolution of the dimensionless x−component of the force per unit bed area
(τx/(ρUo

2)) for the 10th cycle. For values of U0/(ωL) = 0.72, 1.17 and 1.8. Re = 8.1 × 104. The
black line shows the outer velocity that progresses as cos(ωt).
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Figure 6.17: Time evolution of the horizontal force on the ripple profile with τ̂x (x, y, t) averaged
over 9 cycles is the thick line. The broken thin red lines indicate τx in each cycle. a) U0/(ωL) =
0.9, b) U0/(ωL) = 1.08, c) U0/(ωL) = 1.17 and d) U0/(ωL) = 1.71 . Re = 8.1 × 104. The black
line shows the outer velocity that progresses as cos(ωt).

the second one. Moreover, there is variability both in the maximum of |τx| and in their
phase from one cycle to the other, as it can be seen in Figure 6.20 which shows both
the average values (dots) and the r.m.s (bars). It can be observed that the r.m.s. values
are larger for lower values of U0/(ωL). This has been indicated in Figure 6.17. It has
been shown that for smaller values of U0/(ωL) a plot of the individual cycles of τx with
the τ̂x will show a large scatter. It can be observed that, as observed by Jonsson (1966)
and by Dixen et al. (2008) for rough walls, the maximum of τ̂x takes place before that of
the outer velocity and the shear stress leads the outer velocity by a phase which ranges
approximately between 5o and 60o. In particular, for values of U0/(ωL) larger than one,
the range of values of ∆Φ is consistent with that reported by Dixen et al. (2008) for
oscillatory boundary layer close to a bed with large roughness. It can be seen in Figure
6.20 that the value of the Reynolds number appears to influence ∆Φ only moderately and
that ∆Φ shows an evident dependence on U0/(ωL) with two maxima and one minimum
for the interval of values of U0/(ωL) considered.

Inspection of Figure 6.19 shows that τx has many secondary maxima both in the
measured and in the numerical values.
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Figure 6.18: Dependence of τ̂x (x, y, t) on Re. Phase-averaging (thick lines) performed over 9
cycles. a) U0/(ωL) = 0.81, b) U0/(ωL) = 1.08, c) U0/(ωL) = 1.17 and d) U0/(ωL) = 1.53.

Yuan and Wang (2018) suggested, on the basis of two PIV measurements of the flow
field that the multiple peaks of total bottom shear stress are related to the dynamics of
the coherent vortices shed from the ripple bed. Indeed, as discussed above, inspection of
the time development of the vorticity field shows that τx attains a secondary maximum at
the phase at which the vortex pair, shed from the ripple crest, passes close to the ripple
crest.

To investigate the nature of the secondary peaks, Yuan and Wang performed a Fourier
analysis of the normalized total bottom shear stress and introduce the following expres-
sion:

fτ (t) = 2τb

ρU2
0

= Re

( ∞∑
n=1

f (n)einωt

)
=

∞∑
n=1

fn cos(nωt+ ϕfn)

Yuan and Wang (2018) report that the first three odd harmonic components are the
largest ones. Our results, reported in Table 6.2 together with those by Yuan and Wang
(2018), indicate that the components with the largest amplitude are the first three. Fig-
ure 6.19 shows the dimensionless bottom shear stress signal reconstructed using only the
harmonics 1, 3, and 5, which Yuan and Wang (2018) report to be the dominant ones
(magenta line), together with that reconstructed including the first three leading har-
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Figure 6.19: Time development of the dimensionless τ̂x (x, y, t) phase-averaged over 9 cycles.
Re = 2.5×105, U0/(ωL) = 1.04, h/L = 0.2 The dots represent the results of test Ta050 by Yuan
and Wang (2018). The broken line represents the outer velocity that progresses as cos(ωt).

Table 6.2: Values of fn and ϕn for the first 7 harmonics of experiment Ta050 by Yuan and Wang
(2018).

Yuan and Wang (2018) Numerical results
Harmonic number fn ϕfn(o) fn ϕfn

1 0.137 -2.0 0.122 -30.1
2 - - 0.027 -143.4
3 0.014 -135.5 0.026 -77.8
4 - - 0.020 54.14
5 0.048 -32.5 0.009 47.5
6 - - 0.015 -89.6
7 - - 0.005 100.0

monics according to our numerical results (blue line) and that reconstructed including
the first ten leading harmonics (green line). It appears that more than three harmonics
are required to reproduce correctly both the maximum and its phase.

In this regard, in Figure 6.21 a plot similar to Figure 6.19 was provided to test how
many harmonics would be sufficient to reconstruct the numerical results of τ̂x and how a
choice of Uo/(ωL) influences the number of harmonic components needed to reconstruct
the numerical results. As pointed out earlier, an increase in Uo/(ωL) reduces the non-
linearity shown in τ̂x. This can be observed by comparing top left panel with bottom right
panel of Figure 6.21. Non-linearity in the flow field reduces for an increase in Uo/(ωL).
This is related to the reduction in the form drag produced by the ripple presence. Because
ripple steepness is fixed in the current investigation and an increase in Uo/(ωL) will reduce
the ripple height. This on the other hand will reduce the form drag. Similar to the finding
in Figure 6.19, it appears more than three harmonics are needed to reproduce correctly
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Figure 6.20: Left column: maxima of 2τ̂x/(ρU2
0 ) versus U0/(ωL). Right column: difference

between the phase of 2τ̂x/(ρU2
0 ) and that of the outer flow, versus U0/(ωL). is phase-averaged

over 9 cycles. First row: maximum values. Second row: minimum values. The bars indicate the
r.m.s. The different colors.

the two local maximums’ observed per half cycle. Additionally, Uo/(ωL) do not seem to
affect the number of harmonic components needed to reconstruct the numerical results of
τ̂x.

In the left and right panels of Figure 6.22, amplitudes and phases for the first harmonic
of the dimensionless τ̂x are, respectively presented. It follows that the friction factor is
influenced by both Uo/(ωL) and the Reynolds number. An increase in Uo/(ωL) reduces
amplitude of the first harmonic component linearly, while it causes a linear increase in
its phase. An increase in the Reynolds number causes the amplitude to increase and the
phase to decrease.

In Figures 6.23 and 6.24 amplitudes and phases of the first harmonic component pre-
sented in left and right panels of Figure 6.22, respectively, are plotted against experimental
data. In Figure 6.23 where amplitude of the first Fourier component is considered, a good
agreement was found with experimental data of Lofquist (1978) and Yuan and Wang
(2018). Since the ripple steepness in the numerical model was fixed, it was not possible
to perform a parametrization study as performed by Lofquist (1978) considering different
ripple steepness. In fact, the scattering observed by the measurements could have been
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Figure 6.21: Time development of τx. Re = 8.1 × 104. Phase-averaging (thick lines) over 9
cycles. Results of a discrete fast Fourier analysis are also presented. a) U0/(ωL) = 0.54, b)
U0/(ωL) = 1.08, c) U0/(ωL) = 1.17 and d) U0/(ωL) = 1.62.

Figure 6.22: Left: amplitude and Right: phases of the first-harmonic friction factor.

related to the ripple steepness. Ripple steepness and the friction factor are known to
directly relate to one another (Kim, 2004). In Figure 6.24, phase of the first harmonic
Fourier component apparently were shown to be within ranges of the the experimental
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Figure 6.23: Amplitude of the first Fourier component of τx versus U0/(ωL). The color bar of
the left panel shows the value of Re and that of the right panel shows the value of h/L

Figure 6.24: Phase of the first Fourier component of τx versus U0/(ωL). The color bar of the
left panel shows the value of Re and that of the right panel shows the value of h/L.
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results. Similar to the findings in Figure 6.23, the scattering observed in the plots could
be related to the difference in ripple steepness obtained by Lofquist (1978) and Yuan and
Wang (2018) laboratory experiments.

6.2. The time-averaged flow field

In the laminar regime and for small amplitude undulations of the sea bottom, the
nonlinear interaction of an oscillating flow with the bottom waviness generates steady
recirculating cells. These steady recirculating cells play a fundamental role in the process
of ripple growth.

For infinitesimal values of h/L, Vittori (1989) found that two or four steady recircu-
lating cells per ripple wavelength form, depending on the values of 2πδ/L and Reδ. The
Reynolds number Reδ used by Vittori (1989) is related to Re by Reδ =

√
2Re. When two

cells are observed, these cells are located one on the left side and the other on the right
side of the ripple crest. If four cells are observed, two cells are located close to the ripple
profile while the other two cells are located above them.

In the present section we compute (U, V ), which is the velocity field averaged over
one oscillation cycle and show that steady recirculating cells form also for values of Re
such that the flow is in the turbulent regime and for finite values of h/L typical of vortex
ripples.

Unlike the laminar regime, the present results show that only one or two recirculating
cells per ripple wavelength are generated. Figure 6.25 shows an example of the recircu-
lating cells which form for Re = 8.1 × 104 and h/L = 0.18. It can be appreciated that for
U0/(ωL)=0.54 (left panel of Figure 6.25) two cells are present, whereas for U0/(ωL) = 1.17
(right panel of Figure 6.25) only one cell forms.

The position of the single recirculating cell along the ripple profile depends on the cycle
during which the time average is made and on the initial conditions. Similar behaviour is
present even if increasing number of cycles are considered. While this dependence is visible
on some U0/(ωL) values, it is not visible on others. For example, for U0/(ωL) = 1.08 and
Re = 1.4 × 105 and when the averaging is done every cycle, the steady recirculating cell
is found to be close to the left crest and the flow in the cell rotates clockwise, if the time-
average is made during the 12th cycle. However, for the same values of the parameters,
the recirculating cell is found close to the right crest and the rotation is counter-clockwise
if the time average is made during the 11th cycle. When the same analysis is carried out
for averaging up to the N th cycle, the influence individual cycle’s has on the location of
the recirculating cell becomes obvious. The asymmetry that is present in individual cycles
gives rise to a change in the location of the recirculating cell in the averaged flow. The flow
asymmetry that was observed in individual cycles below N = 13 vanishes in individual
cycles and in the N th’s average above N = 13. This finding is summarized in Figure 6.26
where the cell configuration, obtained by averaging the flow field over different oscillation
cycles and for N cycles are plotted for Re = 8.1×104 and two different values of U0/(ωL),
namely U0/(ωL) equal to 1.08 and 1.17 on the left and right panels, respectively.

For such values of the parameters, the flow field depends on a slow time scale such that,
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