


to describe the characteristics of turbulent flow and sus-
pended sediment transport over fixed dunes. Best et al.
[2] performed a field study at the Fraser River Estuary,
Canada followed by the experimental study in the labora-
tory using ADVP to provide detailed quantitative visual-
isation of flow fields associated with natural sand dunes.
The structure of mean flow and turbulence over the fixed,
artificial, asymmetric, three-dimensional dunes in labora-
tory channel has been studied by Maddux et al. [22,23].
Best [4] has made an excellent review to summarize the fea-
tures of mean flow, turbulence, morphology and sediment
transport associated with the river dunes and highlighted
the future directions of research to understand the dynam-
ics of dunes. The motivation of this study was to determine
the spatial changes of flow and turbulence over bed forms,
and to gain better understanding of the physics of flow,
which are responsible for sediment size sorting and
transportation.

In spite of the considerable work mentioned above, little
attention has been paid to the development of rough-bot-
tom turbulent boundary layer thickness associated with
the turbulence statistics of flow over a series of asymmetric
dunes placed consecutively at equal distance. In order to
achieve a general output regarding the turbulence accumu-
lating along the flow over series of dunes, it is desirable to
analyse the physics of turbulence from the velocity data
collected using ADV at different stream-wise locations.
Therefore, the present study addresses how the turbulence
characteristics of flow vary along a series of static dunes. It
also elucidates how the conditional shear stress statistics
characterizes the reattachment points in the flow over a
trough region. The deviations of velocity, turbulence and
the fractional contributions of burst-sweep cycles to the
total shear stress due to the presence of dune covered
topography would require substantial investigations. The
approximation of 2-D static dune configuration is justified
because the speed of the sand dunes is small compared with

the mean flow. Moreover, the use of fixed bedforms allows
a high spatial resolution of analysis and sampling very
close to the boundary which is not possible with mobile
bedforms. The mobility of the bedforms governs the turbu-
lence near the boundary and hence the transition of the
bedforms. In the field, reliable velocity measurements in
the lee side of the dune is very difficult. The contamination
in data or loss of data leads to overestimation of spatially
averaged velocity over the dunes and hence the overestima-
tion of shear stress in this region [18]. Robert and Uhlman
[35] performed an experimental study to understand the
processes of ripple-dune transition in the laboratory. In
order to avoid the difficulty of velocity measurement dur-
ing the ripple-dune transition they moulded three kinds
of bedform features created under mobile flow conditions
and performed experiments by fixing those moulded struc-
tures in the laboratory. Although the fixed bedform is not a
correct representation of the natural dunes, the study over
fixed dunes will improve the understanding of turbulence
over dunes. The use of fixed bedforms allows the detail
study of flow without added difficulty of measurement over
mobile bed. Smith and McLean [37] reported from the field
that in bed load dominated environment sand waves are
relatively steep and very asymmetric, while in the sus-
pended load dominated case they are more elongated and
more symmetrical. The fixed dunes in the present study
can be assumed to mimic the equilibrium dunes found in
the bed load dominated environment. As the bed forms
observed in the flume studies involve complex geometry,
a train of asymmetric dunes have been chosen to elucidate
the essential mechanism of the flow and circulation pat-
terns over the waveform structures. This study addresses
the spatial changes of flow characteristics and turbulent
events associated with the burst-sweep cycle over the train
of waveforms. It aims at improving the understanding of
the phenomena which are crucial for the process of sedi-
ment transport, upliftment and grain-sorting.

Fig. 1. Schematic diagram of the experimental setup.
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2. Experimental details

The experiments were carried out in a specially designed
re-circulating flume (Fig. 1) at the Fluvial Mechanics Lab-
oratory, Physics and Earth Sciences Division, Indian Statis-
tical Institute, Kolkata [26,27]. Both experimental and re-
circulating channels of the flume are of the same dimensions
(10 m long, 0.5 m wide and 0.5 m deep). The experimental
walls of the flume are made of perspex windows with a
length of 8 m, providing a clear view of the flow. One cen-
trifugal pump providing the flow is located outside the main
body of the flume. The inlet and outlet pipes are freely sus-
pended from the overhead structure to allow tilting of the
flume. The outlet pipe is fitted with one by-pass pipe and
a valve, so that by adjusting the valve in the outlet, the flow
can be controlled at a desired speed. Two honeycomb cages
are placed in front of the outlet pipe to ensure the smooth,
vortex free, uniform flow of water through the experimental
channel. An electromagnetic discharge meter with a digital
display is fitted with the outlet pipe to facilitate the contin-
uous monitoring of the discharge. To ensure the same oper-
ating conditions in different experiments the water depth
and the discharge are kept constant for all experiments.

To perform the experiments, a total of twelve artificial 2-
D dunes of synthetic plastic were fabricated and placed con-
secutively with equal distances on the bottom surface of the
flume. Fig. 1 shows a schematic view of the experimental
setup with acoustic Doppler velocimeter (ADV) for velocity
measurements and a magnified picture of a dune. Joints
between adjacent dunes were sealed with waterproof adhe-
sive and the joints were made smooth. The dunes had mean
wavelength, kd = 32 cm and mean height Hd = 3 cm at the
crest which results in the steepness, Hd

kd
¼ 0:094 which is con-

sistent with values of Hd

kd
for real dunes in field [11,16]. The

angles of the stoss side and lee side slope of the dunes were
approximately 6° and 50°, respectively (see Table 1). Each
dune spanned almost the width of the flume. Dunes were
painted with epoxy paint to make the surface smooth.
The counting of the dunes starts from the very first dune
at the upstream end, which is about 3.3 m away from the
beginning of the channel inlet. All together twenty six differ-
ent measuring locations at the trough and crest points of the
dunes starting from the very first dune of the series from
upstream to downstream have been selected. In order to
find the uniform flow region along the flow and to deter-
mine the rough-bottom turbulent boundary layer develop-
ment, velocity and turbulence profiles are measured by
means of SonTek 16 MHz 5 cm down-looking 3-D-Micro
ADV at the centerline of the channel. 3-D-Micro ADV is
high precision instrument that measures all three compo-
nents of velocity with fluctuations. The flow is measured
from 5 cm below the probe and is practically undisturbed
by the probe. Factory calibration of the ADV is specified
to be ±1.0% [38]. The ADV has been validated with several
other devices by several investigators and has been used in a
variety of applications for turbulence measurements. The
velocity data were collected for five minutes at the sampling

rate of 40 Hz with the lowest point in each profile being
0.40 cm above the flume bed surface and with the highest
point being about 24 cm for each profile.

The mean flow depth h is kept constant at 30 cm for
all tests. For each experiment, the velocities were mea-
sured at the centerline at about 35 vertical positions.
Here, the experiments were performed at a discharge
Q = 0.04 cubic m/sec. In fully developed turbulent flow
on the flat surface the Reynolds number was found to be
Re ¼ umh

m
¼ 1:50� 105; and the Froude number,

Fr ¼ um
ffiffiffiffi

gh
p ¼ 0:29, where um (=50 cm/s) is the maximum

velocity observed at the height z = 24 cm above the flat sur-
face, m is the kinematic viscosity of water, and g is acceler-
ation due to gravity. While doing experiments over the
dune covered bed the flow conditions (Table 1) are kept
same as on the flat surface.

3. Experimental results

The velocity data collected by ADV are analyzed to
compute the mean flow and turbulence characteristics at
each point. The time averaged stream-wise velocity �u, ver-
tical mean velocity �w, stream-wise turbulence intensity

ffiffiffiffiffiffi

u02
p

and vertical turbulence intensity
ffiffiffiffiffiffi

w02
p

are defined as

�u ¼ 1

n

X

n

i¼1

ui; ð1Þ

�w ¼ 1

n

X

n

i¼1

wi; ð2Þ

ffiffiffiffiffiffi

u02
p

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n

X

n

i¼1

ðui ÿ �uÞ2
s

; ð3Þ

ffiffiffiffiffiffi

w02
p

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n

X

n

i¼1

ðwi ÿ �wÞ2
s

; ð4Þ

where n is the total number of velocity observations at each
point. The time averaged local Reynolds shear stress at a
point is determined using

Table 1

Hydrodynamic parameters and bed conditions

Plane bed

Reynolds number, Re ¼ umh
m

1:5� 105

Maximum flow velocity, um (cm/sec) 50

Mean flow depth, h (cm) 30

Froude number, Fr 0.29

Friction velocity (from log law), u� (cm/sec) 2.474

Nikuradse roughness, ks (cm) 0.25

Dune covered bed

Dune height, Hd (cm) 3

Dune width, W d(cm) 50

Dune length, kd (cm) 32

Dune height-to-length ratio, Hd

kd
0.094

Lee side angle, (in degrees) 50

Stoss side angle, (in degrees) 6

Mean flow velocity, (depth average) �ud (cm/sec) 30

Dune height-to-depth ratio, Hd

h
0.1

Friction velocity (from Eq. (7)), u�w (cm/sec) 4.00

Modified Nikuradse roughness, ksw (cm) 5.65
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s ¼ ÿqu0w0; ð5Þ
with

u0w0 ¼ 1

n

X

n

i¼1

ðui ÿ �uÞðwi ÿ �wÞ; ð6Þ

where the prime denotes fluctuations of velocity and q is
the fluid density. To ensure the fully developed flow at
the sampling station we performed three experiments at
three different locations in the downstream direction and
found almost no change amongst the results of those tests.
The results of all three experiments on flat surface are plot-
ted together in Fig. 2. Fig. 2a–c shows the normalized mean
velocity, turbulence intensity and the Reynolds shear stress
profiles over the flat bed surface. Here the parameters are
normalized by the friction velocity u� obtained from the
log-law and plotted against the non-dimensional distance
z=h. The results on the plane bed surface are in good agree-
ment with previous work [31].

3.1. Mean velocity profiles

The vertical profiles of mean velocity components (�u, �w)
at the trough and crest points along the stream-wise direc-
tion illustrate the characteristic features of turbulent flow.
Fig. 3a and b shows stream-wise mean velocity profiles at

the trough and crest points, respectively, of each dune. In
the figures, odd numbers inside circles represent the posi-
tions of velocity profiles in the consecutive trough points
starting with 1 at the tail point of the first dune and even
numbers inside circles represent the positions of the veloc-
ity profiles at the crest point starting with 2 at the first dune
crest. In order to highlight the relative changes of turbu-
lence parameters, a comparative study has been made
between the velocity profiles at the flat surface and that
observed at the trough and crest positions. Two loci of
the points of intersections between the velocity profiles
on the flat surface and the dune covered bed are drawn,
which lead to focus the flow evolution over the dune cov-
ered bed (Fig. 3a and b). The line clearly shows the devel-
oping flow from the leading dune up to the seventh dune
and then it reaches to quasi steady state. It appears from
the Fig. 3a that the existence of flow separation, flow rever-
sal and sudden expansion significantly occurs. Three dis-
tinct layers are observed: (1) internal layer, z=h 6 0:05;
(2) the advecting and diffusing region, 0:05 6 z=h 6 0:15;
and (3) the outer flow region, z=h P 0:15. For a better view
of the flow region at the trough positions near the bed a
close up view (near bed) of the Fig. 3a is given in Fig. 3c.
The stream-wise mean velocity profiles at the trough posi-
tions have inflexion points near the bottom resulting in
flow instability in the near bed region. The velocity in the

a b c

Fig. 2. Plots of normalized mean velocity, turbulence intensity, and Reynolds shear stress on the plane rigid surface.
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upper region of the flow seems to be larger than that at the
flat surface except for the first two dunes. The region of lar-
ger velocities decreases downstream indicating the develop-
ment of the turbulent boundary layer due to the dune
covered bed. The positions of the collapsing points in the
individual profiles, representing a locus, show that the tur-
bulent boundary layer grows over the dune covered bed.
Some scattering of the data is observed at height
0.16 z=h 60.2 in the stream-wise mean velocity profiles at
the crest locations (Fig. 3b) which may be attributed due
to the flow separation. It is observed that at the crest level
the horizontal velocity at the crest and the trough locations
is smaller than that on the plane surface at that level. The

reason of reduced stream-wise velocity at crest is given
later.

The profiles of the time-averaged vertical velocity com-
ponent (�w) at different stream-wise distances (x=kd) are
plotted in Fig. 4a for trough positions and in Fig. 4b for
crest positions. At the trough positions, it is observed that
the velocity profiles (�w) first increases up to the level
z=h 6 0:05, then decreases, crossing the zero velocity within
the region 0.056 z=h 60.1 which is below the crest level.
This implies that the streamlines are first directed upward
and then directed downward towards the bed. Above the
crest level the mean velocity shows some irregular behavior
up to the seventh dune (No. 15, x=kd ¼7), where the veloc-

a

b

c

Fig. 3. Stream-wise mean velocity �u over dune covered surface: (a) at the trough positions, (b) at the crest positions and (c) near bed profiles at the trough

positions. Dotted profile represents for the plane surface. 1 (in circle) represents the vertical profile at the beginning of the first dune. Odd numbers (in

circle) indicate the vertical profiles at the trough positions and the even numbers for the crest positions. Vertical lines (zero line) in (a) are placed at the

trough positions and in (b) are placed at the crest positions. The solid curved lines (growth curve) are drawn by joining the points of intersection of profiles

at dune covered surface and the profiles at the plane surface.
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ity (�w) is almost zero through out the depth; then it
becomes stable with a downward velocity through out
the depth. Fig. 4b shows that at the crest position the direc-
tion of �w changes from upward to downward at the outer
part of the flow domain. Along the downstream direction
the position of the zero velocity point shifts toward the
crest, barring eleventh dune crest profile (No. 22), and
forms a locus above which the downward directed velocity
gets much more significant than the upward velocity below
the locus. Close up view of the near bed vertical velocity
profile at the trough positions is given in Fig. 4c.

Fig. 5a shows the vector plot of the flow field over a com-
plete trough region between two consecutive dunes (9th and
10th) in the fully developed roughness turbulent boundary
layer indicating the circulation region at the lee side of the
dune. Flow is directed upward over the stoss side of the
dune and downward past the crest into the trough. The
occurrence of greatest upward velocity at the crest is likely

to be responsible for the reduction of stream-wise flow over
the crest (Fig. 3b). Just after the crest position strong down-
ward flow occurs which leads to decrease the stream-wise
velocity (Fig. 3a). The center of the circulation bubble
appears to be located at a distance of about 2:67Hd down-
stream and 0:75Hd below the point of separation. The dis-
tance between the point of separation and the point of
reattachment is about 5:8Hd which agrees well with Engel
[9]. The streamlines are also shown in Fig. 5a. Convex
streamline curvature serves to stabilize vertical components
of turbulence and concave curvature destabilizes flow by
conveying turbulent structures toward the surface [5]. The
streamline at the crest level changes its curvature from con-
vex to concave. This inflexion in the streamline indicates
that the flow separation occurs twice [24]: one at the crest
and other one at a distance about Hd downstream from
the crest. Two separation points are marked as circles in
Fig. 5a. The close up views of vector plots given in

a

b

c

Fig. 4. Vertical mean velocity over the dune covered bed: (a) at the trough positions, (b) at the crest positions and (c) near bed profiles at the trough

positions. Numbers in circle indicate as in Fig. 3.
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Fig. 5b and c provide clear picture of the flow phenomena at
the trough and crest positions, respectively.

3.2. Friction velocity and roughness due to dune covered bed

In order to determine a zero-order velocity profile to use
in perturbation theories for non-uniform flows of finite
depth the actual velocity field can be spatially averaged
over one wavelength along lines of constant distance from
the bottom surface. The term ‘spatially averaged’ in the
velocity field is used to reduce substantially the errors
due to the non-uniformity of flow over the wavelength.
This approach assigns all the important nonlinear effects
due to second and higher order terms to the zero-order pro-

file and provides a mechanism whereby the zero-order
velocity profiles can be constructed for two dimensional
channel flows [37]. Averaging the velocity data along the
lines of constant distance from the bottom surface over
the wavelength, the law of wall for flow field in its general
form [32] with zero-plane displacement zd can be written as:

h�ui
u�w

¼ 1

j
ln
zÿ zd

z0
; ð7Þ

where h�ui is the spatially averaged velocity, jð¼ 0:4Þ is the
von-Karman constant, z0 is equivalent bed roughness and
u�w is the friction velocity due to bottom waves. Using
the measured velocity h�ui, j ¼ 0:4, the values of the modi-
fied shear velocity u�w, the modified roughness parameter

a

b

c

Fig. 5. (a) Velocity vector plot between 9th and 10th dune in the fully developed region. Two circles represent the points of separation. Solid lines

represent the streamlines of the flow. (b) Close up view (near trough region) of (a). (c) Close up view of the vector plot over the crest position.
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ksw, and zero-plane displacement zd can be determined from
Eq. (7). This technique enables the determination of zd di-
rectly from the spatially averaged velocity profile without
prior knowledge of the shear velocity. The value of zd
which gives the best fit of the spatially averaged velocity
data with the velocity profile (7) should be taken as zero-
plane displacement thickness.

In order to determine the zero-order velocity profile in
this study, spatial-averaging is performed at each distance
above the plane surface over eleven vertical velocity pro-
files for a dune length. Following the above mentioned pro-
cedure the values of zd and ksw are found to be 1.50 cm and
5.65 cm, respectively. In literature, different relations
between the bed roughness ksw and the ripple characteris-
tics may be found. In general, the modified bed roughness
due to dune-covered surface ksw is assumed to be propor-
tional to the product of ripple height Hd and ripple steep-
ness Hd

kd
, that is,

ksw ¼ CdHd

Hd

kd
; ð8Þ

where Cd is a constant whose value varies between 9 and 90
[39]. The plot of the spatially averaged stream-wise velocity
profile over one dune length is shown in Fig. 6 along with
the logarithmic fit. The log law is valid up to 10 cm only.
The definition of the origin of the z-axis (z ¼ 0) with re-
spect to the dune geometry affects the resulting value of
z0 and hence value of ksw. Therefore, the position of the ori-
gin of the z-axis has to be taken into consideration to com-
pare reported values of ksw. The value of the modified
friction velocity u�w is obtained as 4.00 cm/sec due to
dune-covered surface (see Table 1).

3.3. Turbulence intensities and shear stress

The vertical profiles of stream-wise turbulence intensity
component

ffiffiffiffiffiffi

u02
p

at different x=kd along the downstream
direction are plotted in Fig. 7a for the trough and in
Fig. 7b for the crest locations together with the turbulence
intensity observed at the plane surface. A close view of the
near bed turbulence intensity profile at the trough positions
is also shown in Fig. 7c. Two lines joining the intersecting
points of the turbulence intensities from the flat plate and
the dunes, respectively, are drawn in the downstream direc-
tion for the trough and crest locations. It is observed from
the figures that the shifting of intersecting points towards
the outer flow from trough to trough and crest to crest
leads to an increase in the turbulence intensity in the
upward direction (free turbulent area) as the form rough-
ness turbulent boundary layer increases. The rate of
increase goes up to seventh dune from the leading dune
and then reaches a quasi-steady state at the level
z=h ¼ 0:7. It also reveals that the stream-wise turbulence
intensity profiles at the trough locations first increases with
height near the bed with maximum at z=h ¼ 0:1 and then
decreases with minimum up to the level z=h 6 0:2. This
boundary-layer like behavior of the turbulence intensity

may be because of the form roughness boundary layer for-
mation at the dune covered surface. The vertical compo-
nent of the turbulence intensity

ffiffiffiffiffiffi

w02
p

along x=kd over
each trough and crest are presented in Fig. 8a and b
together with the corresponding intensity measured at the
plane surface. The close up view of the near bed vertical
turbulence intensity at the trough positions is also shown
in Fig. 8c. It is observed that the position of the intersecting
points is shifted upwards in the downstream direction.
Thus, it is interesting to notice that the rate of increase of
turbulence intensity gradually increases along the flow
due to the accumulation of turbulence generated from the
series of dunes, which clearly shows the deviations of the
turbulence intensities from the reference intensity at the
plane surface. Furthermore, due to the separation of flow
at the crest level, two peaks are noticed at the trough posi-
tions: one at the crest level height and other one in the free
turbulent area above the crest level where the shear mixing
layer presents. The peak above the crest level could be the
remnant/residual of the previous dune.

Fig. 9a and b displays the vertical profiles of Reynolds
shear stress (ÿqu0w0) against x=kd over each trough and
crest positions together with the corresponding shear stress
profiles observed for the plane surface as reference. Near
bed variation of the shear stress at the trough positions is
shown in Fig. 9c. It is observed that the shear stress
increases upwards with downstream distance from the first

Fig. 6. Spatially averaged stream-wise mean velocity profile over one dune

length in the fully developed region.
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dune. At the trough position the shear stress profiles exhi-
bit two peaks- one at the crest level z=h ¼ 0:1 and other one
above the crest at z=h ¼ 0:2, that is, the larger maximum
stresses are located along the shear layer above the crest
level [1,22]. The peak above the crest level could be the
remnant of the upstream dune, riding above the new ones
created on the current dune. Observation reveals that shear
stress increases significantly both at the trough and crest
locations compared with that for the plane surface. The
shear stresses increase upwards with the distance x=kd, rep-
resenting higher turbulence. In the figures, the lines repre-
sent the vertical locations of minimum shear stresses
along the flow and clearly show the growth of shear stress
region (depth-wise). The growth of shear stress indicates
that the downstream flow is not only capable of transport-
ing more sediment near the bed (bed load), but it has also

more potential to carry the sediment as suspended load. It
is observed from the figures that the maximum shear stress
attains at the separation point (z=h ¼ 0:1) for the trough
locations (Fig. 9a) and at the height z=h ¼ 0:2 for the crest
(Fig. 9b) where turbulence generated by the separated
shear layer had the least distance be transported by advec-
tion or diffusion before interacting with the bed. The high
magnitude of shear stresses near the bed could be responsi-
ble for the erosion of scour pits over the dunes [8,7]. It is
interesting to note that unlike the velocity and turbulence
intensity profiles that approach an equilibrium state with
distance downstream, the shear stress profiles continue to
vary throughout the twelve dune shapes. The shear stress
distribution at the crest is almost the same as obtained at
the trough above the crest level. The peak in the shear
stress profiles at the dune crest indicates the development

a

b

c

Fig. 7. Stream-wise turbulence intensity
ffiffiffiffiffiffi

u02
p

over the dune covered surface: (a) at the trough positions, (b) at the crest positions and (c) near bed profiles

at the trough positions. Dotted profiles represent the turbulence intensity over the plane surface. Captions as in Fig. 3.
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of local internal boundary layer (IBL) forming at the point
of reattachment and extending up to the dune crest. This
phenomenon is also visible from the vector plot (Fig. 5).
Turbulence shear stress is found to increase in the outer
region in the downstream direction at both crests and
troughs. It appears from the figures that the thickness of
‘effective shear stress layer’ indicated by the locus of inter-
secting points increases till seventh dune (x=kd � 7:0) and
the increment of this thickness is smaller and smaller along
downstream, indicating the disappearance of entrance
effects. So the region beyond the length x=kd � 7:0 can be
considered effectively as fully developed region. The bot-
tom shear stress (s0 ¼ ÿqu0w0jat dune surface) at the dune sur-
face elevation over two dunes (9th and 10th,
8 6 x=kd 6 10) in the fully developed region is presented
in Fig. 10. Values of bottom shear stress are estimated by
extrapolating the Reynolds shear stress profiles down to

the dune surface. Results show that bottom shear stress
first increases and reaches a maximum value at the region
of lower stoss side (0:3kd) and then decreases and reaches
a minimum value at the dune crest. Ikeda and Matsuzaki
[14] suggest that flow separation starts where the wall shear
stress vanishes. Fig. 10 shows that the value of the bound-
ary shear stress at the dune crest is almost zero. The over
estimation of the boundary shear stress may be due to
the error arising from the extrapolation down to the dune
surface. Thus, Fig. 5b confirms the flow separation at the
dune crest.

3.4. Conditional statistics of Reynolds shear stress

Coherent structures distribute particles and pollutants
across the whole water column much faster than small-
scale turbulence [13]. Cellino and Lemmin [6] demonstrated

a

b

c

Fig. 8. Vertical turbulence intensity
ffiffiffiffiffiffi

w02
p

over dune covered surface: (a) at the trough positions, (b) at the crest positions and (c) near bed profiles at the

trough positions. Captions as in Fig. 3.
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the importance of ejections and sweeps in sediment-laden
flow. The study of 3-D instantaneous velocity fields in river
flows is essential in order to understand the mixing and

transport processes related to flow intermittency. Coherent
structures have a short life span. They cannot be identified
with a time averaged analysis. Therefore, it requires an

a

b

c

Fig. 9. Reynolds shear stress ÿqu0w0 along the flow: (a) at the trough positions, (b) at the crest positions and (c) near bed profiles at the trough positions.

Captions as in Fig. 3.

Fig. 10. Bottom shear stress distribution over two consecutive dune lengths (9th and 10th) in the fully developed region.
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investigation based on time and space correlation measure-
ments. In laminar and transitional flows, coherent struc-
tures occur periodically, whereas in turbulent flows they
occur randomly in space and time. Hence, conditional sam-
pling and statistics techniques have to be used in the detec-
tion and characterization of coherent structures. The
conditional statistics technique may be applied to quasi-
instantaneous velocity samples obtained from the ADV
measurements. Several investigators applied conditional
statistics to turbulence studies [20,28,33]. The turbulent
events are defined by the four quadrants as outward
interactions (i ¼ 1; u0 > 0;w0 > 0), ejections (i ¼2;
u0 < 0;w0 > 0), inward interactions (i ¼ 3; u0 < 0;w0 < 0),
and sweeps (i ¼ 4; u0 > 0;w0 < 0). At any point in a station-
ary flow, the contribution to the total Reynolds stress from
quadrant i, excluding a hyperbolic hole region of size H, is

hu0w0ii;H ¼ lim
T!1

1

T

Z T

0

u0ðtÞw0ðtÞI i;Hdt; ð9Þ

where the angle brackets denote the conditional average
and the indicator function I i;H obeys

I i;Hðu0;w0Þ

¼ 1 if ðu0;w0Þ 2 ith quadrant and j u0w0 jPH j u0w0 j;
0 otherwise:

(

Here H is the threshold parameter in the Reynolds stress
signals, which enables us to extract those values of u0w0

from the whole set of data, which are greater than H times
j u0w0 j value. The stress fraction by ith quadrant defined
above is

Si;H ¼
hu0w0ii;H
j u0w0 j

; ð10Þ

and it satisfies

X

4

i¼1

j Si;H j¼ 1: ð11Þ

We define

SH ¼ S2;H

S4;H

; ð12Þ

which is a measure of relative dominance of sweeping and
ejection events.

The above analysis is performed for all the experiments
to study the relative dominance of four turbulent events
described above. According to previous studies mentioned
above the sweeping events are dominant in the near wall
region of the flow, while ejections are dominant away from
the boundary. Sweeping and ejections provide an extrac-
tion of energy from the mean flow field to generate turbu-

Fig. 11. Variation of SH (H = 0, 2) over two dune lengths (9th and 10th) at five vertical heights and at 0.4 cm above the dune surface elevation.
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lence, hence in sediment transport studies the sweep and
ejection events are considered to be more important than
the two interaction events. In order to predict the relative
dominance of ejection and sweep events the ratios S0 and
S2, computed at various heights (z=h ¼ 0:11; 0:15; 0:20;
0:40; 0:50) over the 9th and 10th dune length
(8 6 x=kd 6 10) together with the values computed at dune
surface elevation, have been displayed in Fig. 11a and b. It
is illustrated from the figures that S0 and S2 vary in an
oscillatory pattern near the bottom, but at outer region
z=h ¼ 0:4 and 0.5 such pattern tends to be weak. It is inter-
esting to note that at the dune surface the sweeping events
are dominant throughout the dune length except at the
trough location. Starting from the tail end of the dune,
SH ðH ¼ 0; 2Þ decreases up to a length of about 0:6kd
(where the reattachment point lies) and then increases to
the trough point indicating the dominance of sweeping
events in the separation region. At the level z=h ¼ 0:11,
for both values of H, sweeps are dominant only at the dune
crests while ejections contribute more over the rest of the
dune length. Moreover, the maximum value of S0 and S2

occurs at the stoss at a distance of about 0:3kd from the tail
end of the dune. At z=h ¼ 0:15 the sweep events contribute
more than the ejection events only at the trough position;

over the rest of the dune ejection events are dominant over
the sweep events. The location of the maximum values of
S0 and S2 is shifted downstream and is located at a distance
of about 0:6kd from the tail end. Although the sweep events
are not dominant anywhere at height z=h ¼ 0:2, they are
found to contribute equally with the ejection events at a
distance of about 0:3kd from the tail of the dune. The max-
imum values of S0 and S2 occur just before the dune crest.
At z=h ¼ 0:4 and z=h ¼ 0:5 ejection events are the domi-
nant contributors over the whole dune length. In fact, this
phenomenon is almost similar to that found on the flat sur-
face [28,33], showing the negligible effect of bottom topo-
graphic features away from the boundary.

For a clear picture of the turbulent bursting events over
the dune surface, the region of dominant quadrant events
(Q2-Ejection, Q4-Sweeping) are shown in Fig. 12a–c for
Q2 events (white color represents the ejection dominant
region) and in Fig. 13a–c for Q4 events (white color repre-
sents the sweeping dominant region) for three values of H
(=0, 2 and 4). The figures clearly show that the Q2 events
make the dominant contribution to the shear stress in the
lee side of the dune and in the outer region of the flow while
Q4 events are dominant very near the dune surface. In the
lee side of the dune it is noticed that the region of ejection

a

b

c

Fig. 12. Spatial distribution of the dominant ejection events: (a) for threshold parameter H = 0, (b) for H = 2, (c) for H = 4. White region represents the

region of ejection dominance.
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dominance is not totally isolated; near the surface ejections
are dominant, then sweeps overcome the ejection and again
ejection occurs. At the interface of these two regions, the
interaction of ejection and sweeps occurs, which may play
a key role in the kolk-boils phenomena [24]. It has been
observed that some sediment could be ejected from the
river bed into suspension due to kolk-boils formation. It
seems that inside the pathway of the kolk-boil ejection
the fluid pressure is low enough to form a negative pressure
gradient and pick up sediment particles into suspension. As
a result not only some large scale vortices can be seen on
the flow surface, but sediment concentration in these vorti-
ces is high and some of the suspended particles are coarse
[30]. As the value of threshold parameter H increases the
region of sweeping decreases implying the higher shear
stresses are generated mainly due to ejection.

4. Discussions

The flow structure generated over asymmetric river
dunes has many important implications to the flow resis-
tance, bed shear stress, sediment transport processes and
the evolution of alluvial systems. The above considerations
motivate the need to investigate the role of 2-D bed form

structures to the flow field and sediment transport. For
understanding these phenomena previous researchers have
focused on only one or two bedform structures (collecting
the velocity data in experimental channels). The novelty of
the present work is the collection of velocity data over suc-
cessive fixed asymmetric dunes in an experimental channel
and the investigation of the evolution and development of
the turbulent flow region over the successive dunes. Thus
we greatly expand the spatial scale of the flow region.
The results are evaluated in terms of turbulence character-
istics. One result is the turbulence shear stress, which
increases upwards in the downstream direction. The high
magnitude of the shear stress near the dune surface could
be responsible for erosion of scour pits over the dunes.
Moreover, an ‘effective shear stress layer’ is observed,
which grows from the leading dune up to the seventh dune
length (x=kd � 7:0) beyond which the entrance effect disap-
pears. The growth of shear stress over the dunes indicates
that the flow is not only responsible for transporting sedi-
ment as bed load, but it has also more potential to carry the
sediment as suspended load. The flow separation at the
crest point induces wakes that grow and are transported
downstream occupying the outer flow towards the free sur-
face. The wakes incoming from the upstream series of

a

b

c

Fig. 13. Spatial distribution of the dominant sweeping events: (a) for threshold parameterH = 0, (b) for H = 2, (c) for H = 4. White region represents the

region of sweeping dominance.
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dunes may be regarded as stacked wakes [29]. As the flow
progresses up the dune stoss, the shear stress increases and
reaches maximum value at the middle of the separation
cell, then again decreases and reaches minimum at the crest
which is due to flow acceleration and streamline compres-
sion. The flow acceleration reduces the turbulent fluctua-
tions and increases the flow stability as the flow
approaches the dune crest.

The ratio of ejection to sweeping events has been com-
puted to find the dominant event throughout the depth.
Ejections are responsible for putting sediment into suspen-
sion while sweeping causes bedload. Sweeping events dom-
inate within the separation zone, at the reattachment point
and at the dune crest (Fig. 13). These turbulent events are
responsible for erosion and transport of sediment over the
lower stoss side of the dune and deposition on the slip-face
of the dune [1].

The near-bottom flow region over the dune covered
surface, composed of the separation cell and the internal
boundary layer, is influenced by the wakes and the shear
layer. These two flow features are important for under-
standing sediment movement, the stability of bed forms
and dune/ripple migration. Large-scale vorticity is mani-
fested as ejection events and arises both along the shear
layer and at flow reattachment [1]. These coherent flow
structures are advected with the mean flow, often reaching
the free surface and erupting as surface ‘boils’. The origin
of kolks and boils in the fluvial systems has been vigor-
ously attributed to the boundary-layer bursting process
[15,4], and may contain higher concentrations of sediment
in suspension than the surrounding flow [40]. This flow
structure generated over asymmetric river dunes has many
important implications to the flow resistance and sedi-
ment transport. For instance, the pressure difference over
the dune, generated by flow separation and flow accelera-
tion/deceleration associated with the dune form, generate
a net force on the dune. In fact, the prediction of sedi-
ment transport over dunes, a key aspect of many applica-
tions of dune research, relies on being able to estimate the
shear stress over the dune and to link this to sediment
transport equations.

5. Conclusions

The purpose of this study was to ascertain the influence
of bottom roughness on the main flow over a series of 2-D
asymmetric dune shaped structures placed successively at
the flume surface. A development of turbulent boundary
layer thickness along the flow over the dune covered sur-
face is observed, in which the flow characteristics vary up
to seventh dune, and beyond which the entrance effect dis-
appears. The study over two selected dunes in the fully
developed region reveals the flow separation at the dune
crest and the length of separation zone is found to be
5:8Hd. Streamline compression, flow acceleration and the
internal boundary layer structure are clearly visible from
the results.

The relative dominance of ejection and sweep events
varies along the dunes in an oscillatory pattern at the
near bed region, whereas such pattern seems to be dis-
appeared towards the outer flow. Near the bed surface
sweeping and ejection events contribute in a cyclic man-
ner (spatially) along the stream-wise direction. At an
elevation of 0.4 cm along the dune length sweeping
events are found to contribute more to the shear stress
generation throughout the dune length. Sweeping and
ejections provide an extraction of energy from the com-
plex flow field and these two events are considered to
be more important than the interaction events in sedi-
ment entrainment. This work elucidates the impact of
wavy bed roughness on the main flow, which are
responsible for sediment transport process in rivers
and estuaries.
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