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Abstract

This paper reports the results of an experimental study of the Eulerian drift induced by weakly asymmetrical progressive

waves in the bottom boundary layer over rippled beds in the transitional flow regime. Fourteen tests were carried out in a wave

flume and one test in a steady flow flume for the estimation of the Nikuradse roughness length ks of the artificial rippled bed

which was used. The fluid velocities were measured with a two-component laser-Doppler anemometer. The edge of the bottom

wave boundary layer is estimated to be located at one Nikuradse roughness length above the level midway between crest and

trough of the ripples. Momentum transfer in this boundary layer is dominated by organized vortices. An analytical model based

on a time-varying eddy viscosity was developed by Davies and Villaret [J. Geophys. Res. 104 (C1) (1999) 1465] for the

estimation of the wave-induced Eulerian drift above rippled and very rough beds in the turbulent flow regime. Present data

show that the applicability of this model can be extended to the ‘‘lower’’ part of the transitional flow regime in the parameter

ranges 1000VRV 6500 and 1V a/ksV 3, where R is the flow Reynolds number and a is the orbital amplitude of fluid, if

adjusted values of the model coefficients which represent the variation amplitude of the symmetrical and asymmetrical time-

varying components of the eddy viscosity are used. The drift at the edge of the boundary layer is oriented in the direction of

wave propagation in the transitional flow regime, while this drift is oriented in the opposite direction in the turbulent flow

regime. The vertical profiles of Eulerian drift, horizontally averaged over a ripple length, are also compared with Longuet-

Higgins’ [Philos. Trans. R. Soc. Lond., A 245(903) (1953) 535] solution for a laminar flow above a smooth bed and with

Nielsen’s [Coastal bottom boundary layers and sediment transport. Advanced Series on Ocean Engineering, Vol. 4, World

Scientific, Singapore, Chap. 1, pp. 40–60, 1992] solution involving a time-invariant eddy viscosity for turbulent flows over

fairly rough beds.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that water waves induce a steady

streaming. Although this streaming is weak com-

pared with the oscillatory component of velocity, it
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has a significant effect on the transport of sediments

and pollutants in the sea. This wave-induced current

is due to the vertical velocities generated within the

bottom boundary layer beneath progressive waves,

which are not exactly out of phase with the hori-

zontal velocities, leading to a nonzero time-averaged

bed shear stress. Longuet-Higgins (1953) showed

theoretically that, over a smooth flat bed in laminar
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flow, the Eulerian drift in the boundary layer at the

bed is in the direction of wave propagation. Labo-

ratory tests have shown good agreement between

theory and experiment in this case (e.g., Collins,

1963; Brebner et al., 1966). Longuet-Higgins (1958)

suggested that, subject to the assumption of a time-

and height-invariant eddy viscosity vt, the drift at the

edge of the boundary layer would be the same in

turbulent flow as for laminar flow. Johns (1970)

argued that this remains correct even if height

variation is introduced into vt.

Sea beds are rarely smooth. Sleath (1974a) and

Vittori and Blondeaux (1996) obtained small-pertur-

bation solutions for the effect of bed roughness on the

drift velocity. These solutions are limited to nonsepa-

rating flows. A numerical solution of the Navier–

Stokes equations for separating flows over a rippled

bed was proposed by Sleath (1974b). The influence of

the waviness of the bed was found to depend on the

Reynolds number and on the relative magnitude of the

fundamental and the first harmonic in the flow outside

the boundary layer. In the turbulent flow regime, the

effect of bed roughness is to reduce the near-bed

Eulerian drift. This results from a reduction of the

phase lead of the bottom velocity in comparison with

the lead of p/4 given by the classical Stokes’ solution,

as shown by Trowbridge and Madsen’s (1984) two-

layer eddy viscosity model. This behaviour which was

observed qualitatively by Bijker et al. (1974) has also

been obtained by Jacobs (1984), Brøker (1985) and

O’Hare (1992). The approach used by Trowbridge

and Madsen is particularly suitable for flows in which

momentum transfer is dominated by turbulent pro-

cesses, that is for a/ksz 30, where a is the orbital

amplitude of fluid at the edge of the boundary layer at

the bed and ks is the equivalent bed roughness.

Nielsen (1992) suggested the use of a model based

on a constant eddy viscosity for the estimation of the

near-bed wave-induced currents for flows in the rough

turbulent regime when 2 < a/ks < 16.7. The effect of

asymmetry in the turbulence which was included in

the models of Jacobs (1984), Trowbridge and Madsen

(1984), Trowbridge et al. (1986) and Hsu and Ou

(1994) was found under flat rough bed conditions, to

reduce the near-bed Eulerian drift, with a reversal in

the direction of drift occurring for very long waves.

This effect of turbulence asymmetry has been dem-

onstrated, in isolation from other processes, by Rib-
berink and Al-Salem (1995) in an oscillating water

tunnel.

Davies and Villaret (1999) have developed an

analytical model of the Eulerian drift induced by

Stokes’ second-order waves in the bottom boundary

layer above rippled and very rough beds in the

turbulent flow regime. In this case (a/ksV 5), mo-

mentum transfer is dominated not by random turbu-

lent processes, but by organized vortices which are

shed from bed roughness elements at flow reversal.

These authors adopted a one-dimensional, horizon-

tally averaged description of the flow, based on a

time-varying ‘‘convective’’ eddy viscosity. A one-

dimensional approach does not allow a detailed

description of the periodic vortex shedding process

but has clear advantages for practical applications.

This process can be represented by a two-dimension-

al hydrodynamic model (e.g., Block et al., 1994;

Hansen et al., 1994; Huang and Dong, 2002). How-

ever, Scandura et al. (2000) mentioned that the

breakdown of the two-dimensional vortices into

smaller three-dimensional structures cannot be de-

scribed assuming the flow to be two-dimensional.

The solution obtained by Davies and Villaret (1999)

for the Eulerian drift is characterized by a near-bed

jet in the direction of wave advance, beneath a layer

extending to the edge of the boundary layer in which

the drift is in the opposite direction. The asymmetry

terms arising from the time-varying components of

the eddy viscosity cause the drift at the edge of the

wave boundary layer to be in opposition to the wave

direction, as measured by Van Doorn and Godefroy

(1978), Villaret and Perrier (1992), Marin and Sleath

(1994) and Mathisen and Madsen (1996b). Mathisen

and Madsen (1996b) showed experimentally that the

return current associated with a closed flume envi-

ronment was very small at the edge of the wave

boundary layer and that the drift observed at the edge

of the boundary layer is the result of processes within

the boundary layer.

Davies and Villaret (1998) pointed out that a very

different behaviour is found in the transitional flow

regime in comparison with the turbulent flow regime

for the Eulerian drift induced by progressives waves

in the bottom boundary layer above a rough bed. The

purpose of the present study is to provide experimen-

tal data to improve the modelling of wave-induced

currents in the bottom boundary layer above rippled
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beds in the transitional flow regime and to make a

contribution to bridge the gap between the model of

turbulent flow developed by Davies and Villaret

(1999) and the model of laminar flow presented by

Longuet-Higgins (1953).

It should be kept in mind that the mass-transport

velocity usually refers to the time-mean Lagrangian

velocity which differs from the Eulerian drift consid-

ered in this paper. The present experiments have been

carried out with fixed ripples. The presence of loose

sand is likely to increase the turbulence intensity for a

given ripple shape. This is contrary to what might be

expected due to stabilisation by stratification but,

nevertheless, is what was measured by Nakato et al.

(1977). The effects of bed permeability have been

investigated by Liu et al. (1996). The numerical

results obtained by Huang and Dong (2002) show

that a solitary wave above a rigid rippled bed induces

a near-bed current in the opposite direction to that of

the wave propagation.
2. Experimental set-up and test conditions

Fourteen tests were carried out in a wave flume for

the study of wave-induced currents and one test was

carried out in a steady flow flume for the estimation of

the Nikuradse roughness length ks of ripples.
Fig. 1. (a) The flume. (b) T
2.1. Experimental equipment (waves experiments)

The experiments were carried out in a 9-m-long

and 0.80-m-wide wave flume at the University of Le

Havre. Progressive waves were produced by a piston

type wave generator at one end of the flume and

absorbed by a beach at the other end (Fig. 1a). In the

test section, approximately 4.8 m from the wave

generator, a set of 56 artificial ripples with a hydrau-

lically smooth surface was located. The ripple profile

(Fig. 1b) is described by the following parametric

relationships:

x ¼ n � g
2
sin

2pn
k

� �
; y ¼ g

2
cos

2pn
k

� �
ð1Þ

where g is the ripple height (g = 3 mm), k is the wave

length of the ripples (k = 18 mm), n is a dummy

variable, and x and y the distances measured respec-

tively in the horizontal and vertical directions. The

origin of y is located at the level midway between

crest and trough of the ripples. Longuet-Higgins

(1953) mentioned that the flow in the bed boundary

layer is determined by local conditions. Fredsøe et al.

(1993) made an experimental study on the effects of a

sudden change in bed roughness on wave boundary

layers. They found that parameters such as bed shear

ng 50 (2004) 139–159 141
he ripple geometry.



Table 1

Test conditions (waves experiments)

Test

numbers

H (mm),

wave height

Ul (m/s),

near-bed

velocity

amplitude

R, wave

Reynolds

number

a/ks, orbital-

amplitude-to-

equivalent-bed-

roughness ratio

(at bed)

Bmeas, asymmetry

parameter

(measured values)

Bth, asymmetry

parameter

(theoretical values)

1 48 0.093 1487 1.34 0.028 0.026

2 92 0.176 5342 2.54 0.048 0.049

3 14 0.025 108 0.36 0.007

4 25 0.050 430 0.72 0.014 0.014

5 32 0.063 685 0.91 0.019 0.017

6 43 0.083 1190 1.20 0.026 0.023

7 52 0.101 1743 1.45 0.031 0.028

8 63 0.121 2496 1.74 0.035 0.033

9 74 0.140 3350 2.02 0.039 0.038

10 82 0.158 4264 2.28 0.042 0.043

11 91 0.177 5398 2.56 0.048 0.049

12 98 0.192 6309 2.76 0.051 0.053

13 107 0.207 7344 2.98 0.051 0.057

14 117 0.222 8441 3.20 0.079 0.061
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stress were almost unaffected by a change in bed

roughness at distances greater than a, the orbital

amplitude of fluid, from the change in roughness.

For present tests, the fluid velocities were measured

near the bed at a distance from the upstream and

downstream ends of the ripple patch corresponding at

least to approximately 10a. The limited length of the

rippled bed is therefore unlikely to have affected the

flow near the bed.

The fluid velocities were measured with a two-

component, 4-W argon laser-Doppler anemometer in

forward-scatter mode. The measurement volume was

0.14 mm3. At each measurement point, data acqui-

sition was performed with a typical data rate of

6000 Hz during about 15 periods, which were split

into 50 phases. The horizontal and vertical compo-

nents of the instantaneous velocity (u,v) have been

decomposed into periodic, phase-averaged compo-

nents (up,vp), and turbulent components (uV,vV). In

other words, we have for each phase: u = up + uVand
v = vp + vV. For a rippled bed of wavelength k, which
is much smaller than the surface wavelength ks, the
velocity components may be horizontally averaged

locally (i.e., over one ripple wavelength) such that

up ¼ hupi þ ũp; vp ¼ hvpi þ ṽp; ð2Þ
where

hupi ¼
1

k

Z xþk=2

x�k=2
updx; hvpi ¼

1

k

Z xþk=2

x�k=2
vpdx; ð3Þ

and ũp,ṽp represent the variations in velocity occur-

ring within one wavelength (with hũpi = hṽpi= 0).
The test conditions are shown in Table 1. In this

table, H is the wave height, Ul is the fundamental

component of u0, the horizontal velocity just outside

the boundary layer at the bed, R is the wave Reynolds

number: R =Ula/v, where v is the kinematic viscosity

and a is calculated by a =UlT/(2p), in which T is the

wave period. The waves’ asymmetry parameter B is

defined by:

Ul2 ¼ BUl ð4Þ

in which Ul2 is the amplitude of the second harmonic

component of u0. In Table 1, Ul and Bmeas were

obtained by Fourier analysis of the velocity record u0,

and Bth was calculated using the second-order Stokes

wave theory:

Bth ¼
0:75ka

sinh2ðkdÞ
ð5Þ



Fig. 2. Velocity profile above ripple crest in the case of current

alone.

F. Marin / Coastal Engineering 50 (2004) 139–159 143
in which k is the surface wavenumber and d is the

mean water depth. The agreement between theory and

experiment is good, except for Test 14 where Bmeas is

29.5% greater than Bth. This was due to the particu-

larly large wave height for this test. For Test 3, Ul2

was too weak to be measured. The present tests

involve weakly asymmetrical waves (B < 0.1). The

mean water depth was d = 27 cm and the wave period

T= 1.08 s for all of the tests. In no test did wave

breaking occur in the test section.
Fig. 3. Delineation of flow regimes proposed by Davies (1980), indicatin

oscillatory flow. The hatched area corresponds to the region of applicability

the data sets are as follows: solid triangles, Brebner et al. (1966); cross, V

(1992); dash, Klopman (1994); open squares, Marin and Sleath (1994); pl

open circles, Ridler and Sleath (2000); solid circles, present tests (Tests 1
For Tests 1 and 2, the velocity measurements

were carried out within a ripple wavelength, from

the rippled bed up to approximately four ripple

heights above the ripple trough level. Velocities

were measured at about 600 measuring points for

each one of these two tests. The grid spacing was 1

mm in the horizontal direction and 0.25–0.5 mm in

the vertical direction. For Tests 3–14, the velocity

measurements were carried out at one point at the

edge of the bottom boundary layer, above the layer

of influence of local topographic effects.

2.2. Estimation of the Nikuradse roughness length

(current-alone experiment)

The Nikuradse roughness length ks of ripples was

estimated from one test carried out in a steady flow

flume at the University of Le Havre. The test section of

this flume is 3 m long and 0.30 m wide. The horizontal

component of velocity can be written in the following

way: u = ū + uV, ū being the time-mean value of u. The

current flow rate provided a depth-averaged current

velocity of 0.12 m/s in a water depth of 205 mm. The
g the boundaries between laminar, transitional and rough turbulent

of the Davies and Villaret’s (1999) model. The symbols representing

an Doorn and Godefroy (1978); open triangles, Villaret and Perrier

uses, Mathisen and Madsen (1996b); asterisk, Fredsøe et al. (1999);

and 2 are identified with the labels 1 and 2).



Fig. 4. Distributions of the periodic component of the velocity vector. Test 1. (a) xt = 1.26, (b) xt = 2.26, (c) xt= 3.27, (d) xt = 4.27, (e)

xt = 5.28, (f) xt = 6.28.
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Fig. 4 (continued).
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Fig. 5. Distributions of the periodic component of the velocity vector. Test 2. (a) xt = 1.01, (b) xt = 2.01, (c) xt = 3.02, (d) xt = 4.02, (e

xt = 5.03, (f) xt = 6.03.
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Fig. 5 (continued).
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profile of ū above ripple crest is plotted in Fig. 2. For

5 < y< 50 mm, the velocity profile can be described by

a logarithmic law, characteristic of a turbulent flow.

Mathisen andMadsen (1996a) mentioned that, for pure

currents, the lower edge of the logarithmic region may

be defined as one roughness element height above the

tops of roughness elements. This is consistent with

present data. One velocity profile has also been mea-

sured above ripple trough to ensure that the logarithmic

velocity profile was not affected by the location of

measurements with respect to the ripples. For y > 50

mm, the measurement points are in the outer flow.

Consequently, the upper edge of the boundary layer is

approximately 50 mm above the rippled bed. The best

fit with the experimental data in the layer where the
Fig. 6. Contours of the spanwise component of vorticity (rd/s). Test 1. (a)

xt = 6.28.
velocity profile is logarithmic is given, using a least-

squares technique, by the equation:

ū ¼ 0:0258lnðyÞ þ 0:0239 ðfor 5 < y < 50 mmÞ;
ð6Þ

where y is expressed in mm and ū in m/s. The time-

mean shear velocity at bed ū* can be estimated as 10.3

mm/s using the well-known Prandtl–Von Karman

formula:

ū ¼ ū*

K
ln

y

y0

� �
ð7Þ

whereK = 0.4 is the Karman constant and y0 = 0.40 mm

is the zero-intercept level of the logarithmic velocity
xt = 1.26, (b) xt = 2.26, (c) xt= 3.27, (d) xt = 4.27, (e) xt = 5.28, (f)



Fig. 6 (continued).
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profile. The Nikuradse roughness length of the bed ks
can therefore be estimated as 11.9 mm using: y0/ks = 1/

30, the equation which applies for turbulent boundary

layers over hydraulically rough beds. The controlling

parameter of the flow is the Reynolds numberR* = ū*ks/
v = 122>70, the traditional value for the bed to be

hydraulically rough. The value obtained for ks is in

good agreement with Swart’s (1976) formula:

ks = 25g
2/k, which leads to ks = 12.5 mm. Mathisen

and Madsen (1996a,b) concluded from their experi-
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ments that the same value of ks remains applicable

in steady, oscillatory, and combined wave-current

flow.

2.3. Flow regime (waves experiments)

The oscillatory boundary layer flow regimes pro-

posed by Davies (1980) are shown in Fig. 3. The

delineation was originally proposed by Jonsson

(1966) and later adapted by Davies in the light of

subsequent experimental findings. The hatched area

depicts the region of applicability of Davies and
Fig. 7. Contours of the spanwise component of vorticity (rd/s). Test 2. (a)

xt = 6.03.
Villaret’s (1999) model (DV99). Fig. 3 shows that

the flow regime is transitional for the present tests

except for two tests (Tests 13 and 14) where the flow

regime was turbulent. This figure also allows a

comparison between the present flow conditions

and those of eight previous studies of wave-induced

currents above rough flat beds or rippled beds.

Sleath (1984) also measured drift velocities over a

flat rough bed. These data are not shown in Fig. 3,

however, the results reported were of the maximum

near-bed drift rather than vertical profiles of the drift

or the drift at the edge of the boundary layer. Jensen
xt = 1.01, (b) xt = 2.01, (c) xt= 3.02, (d) xt = 4.02, (e) xt = 5.03, (f)



Fig. 7 (continued).
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et al. (1989) analyzed in great detail turbulent

oscillatory boundary-layer flows over both smooth

and rough beds. They proposed a diagram illustrat-

ing the bed regimes: hydraulically smooth, transi-

tional and rough.

Let us consider the eddy shedding process for

present tests. If this process is the dominant momen-

tum transfer process in the near-bed layer, the
approach adopted by DV99 (a/ks < 5, turbulent flow

regime) can be used to the simulate present data and

the applicability of the DV99 model in the transi-

tional flow regime for the parameter ranges (in terms

of R and a/ks) involved can be assessed. Brebner et

al. (1966) and Klopman (1994) made measurements

above flat beds roughened with sand in the transi-

tional flow regime. These measurements cannot be
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simulated by the approach adopted by DV99 since

they were obtained in the ‘‘upper’’ part of the

transitional regime, involving greater values of a/ks
than for present tests. However, the data sets of

Marin and Sleath (1994) and Ridler and Sleath

(2000) are in the region of applicability of the

DV99 model; for a same value of the Reynolds

number, the values of a/ks are lower than in the

present experiments.
3. Eddy shedding

Distributions of the periodic component of the

velocity vector are presented in Figs. 4 and 5 for

Tests 1 and 2 at different times. The phase xt = 0

where x is the angular frequency (x = 2p/T) and t

is the time corresponds to the passage of the wave

crest. The distributions of the velocity vectors show

the formation of organized vortices each half-cycle

on the leeside of ripples. The eddy shedding above

ripple crests is clearly shown for Tests 1 and 2 by

the contours of the spanwise component of vorticity

Xp defined by Xp =Bvp/Bx�Bup/y (Figs. 6 and 7).

For Test 1 (Fig. 6), at xt= 1.26, a vortex is about

to be shed from the ripple’s crest and to be

convected upstream. At xt= 2.26, this vortex has

just passed above the ripple’s crest. It will travel

along the bed profile during about one half period

for a distance of twice the wavelength of the
Fig. 8. Variation above the ripple’s crest of hupi with y/ks whe
ripple. The counter-rotating vortex (positive vortic-

ity in Fig. 6) has just been shed and passes above

the ripple’s crest at xt= 5.28; it will be convected

downstream during the next half period. The same

process of eddy shedding is observed for Test 2

(Fig. 7); in this case, the vortices tend to be

flattened against the ripple profile owing to veloc-

ities which are greater than for Test 1. These

results show evidence of eddy shedding despite

the fact that present values of a/ks are systemati-

cally larger (for a given value of the Reynolds

number) than those considered in DV99, and that

less coherent eddy shedding might have been

expected at these larger values of a/ks.

Fig. 8 shows that the horizontally averaged veloc-

ity hupi does not vary significantly with height for y/

ksz 0.7 when xt= 0. The edge of the bottom bound-

ary layer is considered for present tests to be at the

height y/ks = 1.
4. Eddy viscosity

Momentum transfer in the near-bed layer is dom-

inated for present tests in the case of transitional flow

regime (with probably the exception of the two tests

characterized by the smallest Reynolds numbers) by

organized structures resulting from the shedding of

vortices from ripple crests at flow reversal. The total

shear stress sp is mainly due to periodic velocity
n xt = 0. Test 1 (solid circles) and Test 2 (open circles).
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correlations (DV99): sp =� qhũpṽpi and it can be

related to the horizontally averaged flow velocity

gradient by:

sp ¼ qvt
Bhupi
By

ð8Þ

in which q is the fluid density. The evolutions during

the course of the cycle of sp, of the horizontally

averaged velocity gradient Bhupi/By, of the velocity

just outside the boundary layer u0 and of the eddy

viscosity vt obtained from Eq. (8) are given in Figs.

9–11 for Test 1 and y = 4.2 mm. The temporal

evolution of sp (Fig. 9) displays several peaks which
both confirm the need for a time-varying eddy vis-

cosity, as pointed out in the turbulent flow regime

above rippled beds by several investigators (see, for

example, Sato et al., 1987 and Ikeda et al., 1991), and

also indicate the presence of harmonics in that vis-

cosity. The points for which the velocity gradient

tends to be zero have not been plotted in Fig. 11

(temporal evolution of vt). The times at which the

peak values of vt are obtained (xt= 1.88 and xt = 4.90

for Test 1) correspond to the time of eddy shedding.

Fig. 11 also depicts the predicted temporal evolution

of vt according to the expression proposed by DV99:

vt ¼ vt 1þ e1expðixtÞ þ e2expð2ixtÞð Þ ð9Þ

in which vt is the period-averaged eddy viscosity,

e1 and e2 complex coefficients: e1 =Ae1Aexp(iu1),
Fig. 9. Variation during the course of the cycle of the horiz
e2 =Ae2Aexp(iu2). The real part of vt in Eq. (9) is

given by:

ReðvtÞ ¼ vt 1þ j e1 j cosðxt þ u1Þþ j e2 j cosð2xt þ u2Þ½ 
;
ð10Þ

and vt (also shown in Fig. 11) is estimated by

using Nielsen’s (1992) formula which applies for a/

ks < 16.7:

vt ¼ 0:004Ulks: ð11Þ

The phase angle u1 at which the main peak in vt occurs

during the cycle is defined by the following relation:

u1 ¼ �arccos B� Ul

Ul

� �
Du ð12Þ

with Du = 4j, u2 = 2k+2u1, Ul being the drift at

the edge of the boundary layer. Fig. 11 shows that

the agreement between present data and the DV99

model is reasonably good; however, the asymmetry

in the temporal evolution of vt does not seem to be

as strong as suggested by DV99. In other words,

the value of Ae1A, which governs the magnitude of

this asymmetry, may be lower in the transitional

flow regime than the value suggested by DV99 in

the turbulent flow regime. By way of comparison,

Fig. 11 also presents (DV99adj) the variation of vt
during the course of the cycle according to Eq. (10)
ontally averaged shear stress sp. Test 1, y= 4.2 mm.



Fig. 10. Variation during the course of the cycle of the horizontally averaged velocity gradient at y= 4.2 mm (Bhupi/By, solid circles) and of the

horizontal component of velocity just outside the bottom boundary layer (u0, pluses). Test 1.
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but with the value of Ae1A proposed by DV99

(Ae1A = 0.73) reduced to Ae1A = 0.30, while main-

taining the value of Ae2A proposed by DV99, that

is Ae2A = 1.3. The effect of flow asymmetry being

significant on the wave-induced currents, let us now

consider the Eulerian drift close to the bed.
5. Eulerian drift

5.1. Vertical profiles of Eulerian drift

The measured vertical profiles of Eulerian drift U ,

horizontally averaged over a ripple length, are depicted
Fig. 11. Variation during the course of the cycle of the eddy viscosity. Test

Villaret’s (1999) solution (DV99; thin solid line) and Davies and Villaret’

eddy viscosity (time-invariant) according to Nielsen’s (1992) formula (Eq
in Fig. 12a and b for Tests 1 and 2, c being the wave-

phase speed, with the profiles given by the Longuet-

Higgins (1953), Nielsen (1992) and DV99models. The

upper edge of the bottom boundary layer ( y/ks = 1) is

high enough for the drift velocity not to vary any more

with height above the bed. As mentioned by Mathisen

and Madsen (1996b), the return flow in the channel

develops itself a boundary layer and this leads to near-

bed value of the return flow probably much smaller

than the average value of depth. However, there may be

a contribution from the return flow to the resulting

streaming velocity measured in the present experi-

ments. For the present data, the horizontal averaging

below the ripple crest level in Fig. 12a and b was
1, y= 4.2 mm. Present data (solid circles) are shown with Davies and

s ‘‘adjusted’’ solution (DV99adj; thick solid line). The value of the

. (11)) is also displayed (thin dashed line).



Fig. 12. Comparison between measured and predicted horizontally averaged drift profiles for Test 1 (a) and Test 2 (b). The solid circles indicate

the measurements. The level of ripple crest is indicated by the solid line at the bottom left. The predicted profiles are from Longuet-Higgins’

(1953) model (thin solid line), Nielsen’s (1992) model (thin dashed line), Davies and Villaret’s (1999) model (DV99, thick dashed line), and

‘‘adjusted’’ Davies and Villaret’s model (DV99adj, thick solid line).
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carried out over a length smaller than the ripple wave-

length, the length of the fluid area below the ripple crest

level decreasing for decreasing values of y. Longuet-

Higgins’ solution was obtained for a laminar flow

above a smooth flat bed; in this case, ks should be
interpreted as a numerical constant equal to 11.9 mm.

Nielsen (1992) suggested to use the following formula:

U ¼
Z y

0

1

vt

1

q
Bp̄

Bx
yþ upvp þ

1

q
spð0Þ

� �
dy ; ð13Þ
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with

qðupvpÞ ¼ �q
1

4
ðaxÞ2kd 1� e�nð2cosn � e�n

�

þ2nsinnÞ
; ð14Þ

where p is the pressure, sp(0) id the bed shear stress, vt is
a time-independent eddy viscosity given by Eq. (11),

n ¼ y=
ffiffiffiffiffiffiffiffiffiffiffiffi
2vt=x

p
; d ¼ 0:09

ffiffiffiffiffiffiffi
ksa

p
; a n d w i t h t h e

assumptions of spð0Þ ¼ �qðupvpÞl and Bp̄=Bx ¼ 0.

The overbar denotes time-averaging over one wave

period. Fig. 12a and b shows that Nielsen’s model gives

the general trend of vertical profiles of Eulerian drift for

Tests 1 and 2; however, themeasured drift at the edge of

the boundary layer appears to depend on the flow

conditions and not to be fixed to the value Ulc=U2
l

¼ 0:75corresponding to a laminar flow above a smooth

bed (Longuet-Higgins, 1953). This point will be further

considered in the following section. The solution of the

DV99 model is given by:

U ¼ U s 1þ 1

2
j e2 j cosðu2Þ

� �

þ Ul j e1 j
2

expð�ayÞcosðayþ u1Þ � cosðu1Þ½ 


þ j e2 j U 2
l

4c

n
expð�ayÞcosðayþ u2Þ

þ ay expð�ayÞ cosðayþ u2Þ þ sinðayþ u2Þ½ 


� expð�
ffiffiffi
2

p
ayÞcosð

ffiffiffi
2

p
ayþ u2Þ

o
þ j e2 j BUl

2

� expð�
ffiffiffi
2

p
ayÞcosð

ffiffiffi
2

p
ayþ u2Þ � cosðu2Þ

h i

ð15Þ

where U s is the basic Stokes’ contribution to the

Eulerian drift and a ¼ ð/=vtTÞ1=2 . The DV99 model

does not seem to be directly applicable to the transi-

tional flow regime since the measurements do not show

a strong near-bed jet in the direction of wave advance

and since the Eulerian drift is underestimated by the

analytical model for y/ksz 0.4. However, a reduction in

the model coefficient Ae1A significantly improves the

estimation of the vertical profile of drift, as shown for

Test 1 in Fig. 12a by the ‘‘adjusted’’ model (DV99adj)

for which Ae1A = 0.3 (and Ae2A = 1.3). For this test, the

drift shows a maximum in the direction of wave
propagation at a value of y/ks equal to about 0.45.

The value of this maximum (approximately equal to 2

Ul) and the drift far from the bed ( y/ksz 0.7) are well

reproduced by the adjusted model; the height at which

the maximum occurs is nevertheless underestimated.

For Test 2, a reduction in both coefficients Ae1A and

Ae2A improves the overall fit to the data. The contours

of the spanwise component of vorticity have shown for

this test that the vortices tend to be flattened against the

ripple profile. This leads to a variation of the eddy

viscosity vt throughout the wave cycle less significant

than for Test 1, and consequently to a lower value of

Ae2A. The experimental data for Test 2 appear to be in

reasonable agreement with the analytical model by

reducing the value of Ae2A proposed by DV99 in the

turbulent flow regime from Ae2A = 1.3 to Ae2A = 0.3

and by keeping the same value of Ae1A as for Test 1

(Ae1A = 0.3) in contrast to the DV99 suggested value of

Ae1A = 1.25 (Fig. 12b, Test 2, DV99adj).

Assuming in the transitional flow regime for the

parameter ranges (in terms of R and a/ks) involved for

Tests 1 and 2 a constant value of Ae1A:

j e2 j¼ 0:3 ð16aÞ

and a linear variation of the coefficient Ae1Awith the

Reynolds number R, the value of Ae2A may be

estimated by the following equation:

j e2 j¼ 1:69� 2:6� 10�4R: ð16bÞ

In order to more accurately estimate the region of

validity of these adjusted values of the coefficients

Ae1A and Ae2A, let us consider the Eulerian drift at the

edge of the boundary layer for Tests 1–12.

5.2. The drift at the edge of the boundary layer

The variation of Ulc=U 2
lwith R in the transitional

flow regime is displayed in Fig. 13. The symbols for

present tests (solid circles) have been linked with solid

lines to facilitate comparison with the other data sets.

Since Brebner et al. (1966) measured the drift using

fluorescent tracers and neutrally buoyant beads, they

refer to the Lagrangian velocity rather than the Euler-

ian drift. For this reason, the appropriate near-bed

Stokes drift has been subtracted from the measured

values in order to be able to compare these data with



Fig. 13. Nondimensional Eulerian drift at the edge of the boundary layer in relation to R (Tests 1–12). The symbols representing the various

data sets are as defined in Fig. 3. Davies and Villaret’s (1999) ‘‘adjusted’’ solution (DV99adj; thin dashed line) is shown with Longuet-Higgins’

(1953) solution (solid line labelled LH).
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the other Eulerian data sets in Fig. 13. The drift at the

edge of the boundary layer for present tests is in the

direction of wave propagation (except for one test

where the drift is slightly negative), whereas this drift

is oriented in the opposite direction in the turbulent

flow regime (DV99). The wave-induced currents

obtained by Brebner et al. (1966) and Klopman

(1994) exhibit greater values than for present tests in

the whole range of R plotted in Fig. 13. As previously

pointed out (Section 2.3), these measurements cannot

be simulated by the DV99 model since they involve

high values of a/ks. The effect of wave asymmetry,

which is greater when a/ks takes low values, is to

favour drift in the direction opposite to that of wave

propagation. It is therefore not surprising that present

data lie below the Brebner et al. and Klopman data in

Fig. 13. Measurements of wave-induced currents

above rough flat beds or rippled beds have also been

carried out by Van Doorn and Godefroy (1978),

Villaret and Perrier (1992), Marin and Sleath (1994),

Mathisen and Madsen (1996b), Fredsøe et al. (1999),

and Ridler and Sleath (2000). These data are not

shown in Fig. 13 since they are in the region of

applicability of the DV99 model (Fig. 3). Fig. 13 also

depicts the results of the DV99 model for the present

tests (except for the two tests with the smallest

Reynolds numbers) using the adjusted values of the

coefficients Ae1A and Ae2A (DV99adj). At the edge of
the boundary layer, the solution of the DV99 model

(Eq. (15)) becomes simply:

Ulc

U2
l

¼ 3

4
1þ 1

2
j e2 j cosðu2Þ

� �
� 1

2

c

Ul
j e1 j cosðu1Þ

� 1

2
B

c

Ul
j e2 j cosðu2Þ: ð17Þ

The solution of the adjusted model (DV99adj) appears

to be in reasonable agreement with present data. This

suggests that the DV99 model can be applied in the

transitional flow regime using the adjusted values of

the coefficients Ae1A and Ae2A (Eq. (16a,b)) when

1000VRV 6500 for values of a/ks varying from 1 for

the lower Reynolds numbers to 3 for the larger

Reynolds numbers.

When the asymmetry in the flow is very weak

(B < 0.01; Test 3, lowest value of R), the effect of

bed roughness is to increase the drift in the

direction of wave propagation, as mentioned by

Sleath (1974b) in the transitional flow regime.

Present data show a minimum for the drift when

Rc 1000; this may be due for present tests involv-

ing a fixed rippled bed to the vortices which are

flattened when R increases beyond this value

(Section 3).
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6. Conclusions

Laser-Doppler anemometer measurements have

been made in a laboratory flume with a fixed rippled

bed under weakly asymmetrical waves (B < 0.1) to

analyze the wave-induced Eulerian drift in the bottom

boundary layer in the transitional flow regime. The

momentum transfer is dominated by eddy shedding

through the parameter ranges in which the data were

obtained. Davies and Villaret’s (1999) model (DV99),

which has been developed for the estimation of the

Eulerian drift above rippled and very rough beds (a/

ks < 5) in the turbulent flow regime, cannot be used

directly in the transitional flow regime. However, the

region of validity of the DV99 model can be extended

to the ‘‘lower’’ part of the transitional flow regime in

the parameter ranges 1000VRV 6500 and 1V a/

ksV 3 by using adjusted values (Eq. (16a,b)) of the

coefficients which represent the variation in amplitude

of the eddy viscosity vt at the first harmonic frequency

(result of asymmetry in the free-stream flow) and at

the second harmonic frequency (result of eddy shed-

ding from the bed). The Eulerian drift at the edge of

the boundary layer is oriented in the direction of wave

propagation in these parameter ranges, while it is

oriented in the opposite direction in the turbulent flow

regime (DV99).
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