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Mean flow and turbulence structure over fixed,
two-dimensional dunes: implications for
sediment transport and bedform stability

S. ]. BENNETT and J. L. BEST

Department of Earth Sciences, University of Leeds, Leeds LS2 9]T, West Yorkshire, UK

ABSTRACT

Detailed measurements of flow velocity and its turbulent fluctuation were obtained
over fixed, two-dimensional dunes in a laboratory channel. Laser Doppler
anemometry was used to measure the downstream and vertical components of
velocity at more than 1800 points over one dune wavelength. The density of the
sampling grid allowed construction of a unique set of contour maps for all mean
flow and turbulence parameters, which are assessed using higher moment measures
and quadrant analysis. These flow field maps illustrate that: (1) the time-averaged
downstream and vertical velocities agree well with previous studies of
quasi-equilibrium flow over fixed and mobile bedforms and show a remarkable
symmetry from crest to crest; (2) the maximum root-mean-square (RMS) of the

downstream velocity values occur at and just downstream of flow reattachment and
within the flow separation cell; (3) the maximum vertical RMS values occur within
and above the zone of flow separation along the shear layer and this zone advects
and diffuses downstream, extending almost to the next crest; (4) positive
downstream skewness values occur within the separation cell, whereas positive
vertical skewness values are restricted to the shear layer; (5) the highest Reynolds
stresses are located within the zone of flow separation and along the shear layer; (6)
high-magnitude, high-frequency quadrant-2 events (‘ejections’) are concentrated
along the shear layer (Kelvin—Helmholtz instabilities) and dominate the
contribution to the local Reynolds stress; and (7) high-magnitude, high-frequency
quadrant-4 events occur bounding the separation zone, near reattachment and close
to the dune crest, and are significant contributors to the local Reynolds stress at
each location. These data demonstrate that the turbulence structure associated with
dunes is controlled intrinsically by the formation, magnitude and downstream
extent of the flow separation zone and resultant shear layer. Furthermore, the origin
of dune-related macroturbulence lies in the dynamics of the shear layer rather than
classical turbulent boundary layer bursting. The fluid dynamic distinction between
dunes and ripples is reasoned to be linked to the velocity differential across the
shear layer and hence the magnitude of the Kelvin—-Helmholtz instabilities, which
are both greater for dunes than ripples. These instabilities control the local flow and

turbulence structure and dictate the modes of sediment entrainment and their

transport rates.

INTRODUCTION

Dunes are one of the most common bedforms
generated in unidirectional aqueous flows and are
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often responsible for both the majority of bedload
transport and flow resistance as well as being
a dominant sedimentary structure in many
fluvial sequences. Dunes can form in a wide range
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of sediment sizes and grades, from well-sorted
fine to coarse sands (see Guy et al, 1966;
Williams, 1967; Costello, 1974; Nordin &
Rundquist, 1975; Allen, 1982) to poorly sorted
gravels (Hubbell et al., 1987; Dinehart, 1989,
1992), suggesting common formative processes
across a wide range of grain roughmnesses (Best,
1995). Dune morphology may also change rapidly
and undergo complex processes of growth,
attenuation and destruction (Gabel, 1993).

Fluid flow over dunes is well known and can be
subdivided into five major zones: (1) accelerated,
converging flow over the dune crest; (2) a zone of
flow separation on the crest lee-side with its
characteristic recirculation pattern; (3) a deceler-
ated wake region overlying the separation cell and
extending downsteam; (4) an outer, near-surface
region overlying this wake; and (5) the down-
stream growth of a new, internal boundary layer
originating at reattachment (see Raudkivi, 1966;
Engelund & Fredsee, 1982; Miiller & Gyr, 1982,
1986; McLean & Smith, 1986; and many others).
Above the separation cell and along the free-shear
layer associated with this zone, high turbulence
intensities and Reynolds stresses are observed
(Raudkivi, 1966; Rifai & Smith, 1971; Engelund &
Fredsge, 1982; Miiller & Gyr, 1982, 1986; McLean
& Smith, 1986: Mendoza & Shen, 1990; Nelson et
al., 1993; McLean et al., 1994). This wake region
diffuses both vertically and horizontally from the
point of flow separation, growing larger in size
but decreasing in turbulent energy. The new inter-
nal boundary layer interacts with this wake zone
and the two effectively merge by the next dune
crest, approximating uniform boundary layer con-
ditions (McLean et al., 1994). Recognition of these
dune characteristics has facilitated: (1) the devel-
opment of numerical models of flow over dunes
(McLean & Smith, 1986; Nelson & Smith, 1989a;
Mendoza & Shen, 1990; Johns et al., 1990, 1993);
and (2) the quantitative partitioning of the total
boundary shear stress into components of skin
friction and form drag (e.g. Smith & McLean,
1977: Nelson & Smith, 1989b, Wiberg & Nelson,
1992). However, despite many studies of flow
over dunes (Table 1), there has been little integra-
tion of this information into theories for bedform
stability and the mechanics of sediment transport.

Several studies have suggested that macro-
turbulence associated with dune bedforms is
important in both the entrainment and transport
of sediment and in controlling the formation and
hydraulic stability of dunes. Experimental and
field investigations of dunes have documented
turbulent events called ‘kolks’ or ‘boils’ (Matthes,

1947; Coleman, 1969; Jackson, 1976; Itakura &
Kishi, 1980; Nezu et al., 1980). Boils have long
been suggested to be the surface manifestation of
slowly rotating, upward-tilting vortices whose
origin is near the bed (Matthes, 1947). Several
recent field studies have quantified the high sus-
pended sediment concentrations associated with
these events (e.g. Rood & Hickin, 1989; Lapointe,
1992; Kostaschuk & Church, 1993). Jackson
(1976) derived empirically the dimensionless
periodicity of boils associated with dunes (T,) of
the form:

T,=TU/Y~3-7 (1)

where T'is the boil period, U is mean downstream
velocity and Y is flow depth. Because the value in
Eq. (1) is identical to the periodicity of ‘burst’
events within turbulent boundary layers (e.g. Rao
et al., 1971), both Jackson (1976) and Yalin (1977,
1992) reasoned that the source of these boils, and
hence the origin of dunes, must be related to these
boundary layer events. Despite their widespread
recognition, the location and mechanism of boil
development still remains poorly understood (see
discussion in Nezu & Nakagawa, 1993).

Recent work, however, has suggested that
dune-related macroturbulence is more likely to be
associated with Kelvin—Helmholtz instabilities
shed off the separation-zone shear layer (Miiller &
Gyr, 1982, 1986; Rood & Hickin, 1989; see also
Lane, 1944: Korchokha, 1968). These turbulent
events do not share a common origin to boundary
layer bursting, although they may be indistin-
guishable in a velocity time-series record. Levi
(1983, 1991) suggested such dune-related macro-
turbulence is due to eddy shedding, where the
frequency of shedding, f, can be determined from
the Strouhal relationship:

St=fY/U~0-16 (2)

where St is the Strouhal number, Y is the
upstream depth before separation and U is the
mean downstream approach velocity (Levi, 1983,
1991). However, no detailed information has been
collected to quantify eddy shedding over dunes
nor how this shedding may be related to sedi-
ment transport mechanisms and dune stability.
Furthermore, eddy shedding is only one kind of
turbulent event, and other fluid motions (e.g.
‘sweeps’) may be equally influential in controlling
sediment transport and dune formation.

The generation and hydraulic stability of dunes
has been described through linear stability analy-
sis (e.g. Kennedy, 1963, 1969; Hayashi, 1970;
Smith, 1970; Richards, 1980; Engelund & Fredsee,

i) 1995 International Association of Sedimentologists, Sedimentology, 42, 491-513



1982). In this analysis, the equations for motion of
both fluid and sediment are linearized and flow
over an infinitesimally small bed perturbation is
investigated in order to determine the response of
the perturbation to the flow, thus predicting stable
or unstable bed waves (see McLean, 1990, p. 133).
Critical to this analysis is the determination of the
phase difference of the sediment transport rate
relative to the bed topography. Stated simply, the
maximum fluid stress occurs upstream of the
perturbation crest and, assuming sediment trans-
port is a function of the local stress, deposition
occurs at the crest and produces bedform growth.
This analysis, however, ignores the interactions
between sediment transport and bed topography
with the turbulent flow field, especially the occur-
rence and downstream extent of flow separation,
the development of a shear layer and the frequent,
large, energetic fluid motions (macroturbulence)
that are dependent on bedform morphology and
position. In order to understand more fully the
mechanics of bedforms and their hydraulic
stability, a detailed examination of the fluid
dynamics over fully mobilized, hydraulically
stable equilibrium bedforms is required to assess
these complex fluid—bed—grain interactions.

As a first step in this process, the aim of the
present study was to obtain highly detailed
experimental data on the mean flow and turbu-
lence fields over fixed, two-dimensional dunes in
order to: (1) investigate and document the origins
of dune-related macroturbulence; and (2) use
these results to shed light upon the mechanisms
of sediment transport and the origin of dunes,
and thereby provide some insight into the fluid
dynamic differentiation of dunes and ripples. Our
sampling strategy enabled the construction of
uniquely detailed contour maps of the various
flow and turbulence parameters over the entire
flow field, thus avoiding the problems associated
with an inadequate sample-grid resolution.

EXPERIMENTAL METHODOLOGY

The experiments were conducted in the Sedimen-
tological Fluid Dynamics Laboratory, Department
of Earth Sciences, University of Leeds, using a
recirculating flume 10 m long, 0-3 m wide and
0-3m deep. Because bedform migration and
three-dimensionality of form are removed from
the experimental set-up, the use of fixed bedforms
allows the acquisition of detailed, reproducible,
time-averaged measurements of flow and turbu-
lence. However, these artificial bedforms must be
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subjected to the typical flow conditions in which
they are generated (Table 1). Using a wooden
template, a series of two-dimensional concrete
bedforms were moulded from typical profiles
of equilibrium ‘maximum steepness’ dunes
observed by Bridge & Best (1988) generated in
0-3 mm diameter sand. A total of seven bedforms,
each having a length of 0-63 m, a height of 0-04 m
and a slip-face angle of 30°, were cast. The sur-
faces of these bedforms were painted and covered
with glass spheres, 0-22 mm in diameter, whilst
the paint was still wet, producing a surface with
the appropriate grain roughness. The present
experiment maintained the ratios of bedform-
wavelength : flow-depth ~ (5-4),  wavelength :
bedform-height (15-75) and  flow-depth:
bedform-height (2-9) as described in Bridge & Best
(1988) and commonly observed in other studies of
dunes (see Allen, 1982). The conservation of such
ratios used in conjunction with the appropriate
velocity fields (see below) must be ensured so that
the measurements obtained are typical of flow
over fully developed bedforms (see Table 1).

The bedforms were placed in the flume and
flow conditions identical to the mobile bed
experiments of Bridge & Best (1988) were
established (Table 2). Achievement of quasi-
equilibrium flow over the fixed bedforms required
adjustment of the pump discharge and flume
slope while maintaining the correct mean flow
velocity (see below) and water depth over suc-
cessive bedform crests. This equilibration process
was deemed complete when the appropriate
mean flow velocity was achieved and the water
depth over five consecutive dune crests was
within + 2 mm using sidewall-mounted scales
(see McLean et al., 1994, for a detailed discussion
of the importance of establishing equilibrium flow
over fixed bedforms).

At-a-point velocity and turbulence measure-
ments were taken using a laser Doppler anemo-
meter (LDA; for a general description of the
principles of LDA see Buchhave et al., 1979; Durst
et al., 1987). A DANTEC two-component fibre-
optic LDA was used in backscatter mode with a
400 mm focal length lens and 100 mW argon-ion
laser (using green light, 4,=488 nm, for down-
stream (u) velocity and blue light, 4,=514-5 nm,
for the vertical (v) velocity). The LDA was
operated with a 40 MHz frequency shift to enable
the measurement of positive and negative
flows along either axis. The LDA was run with a
DANTEC Particle Dynamics Analyser processor,
which operates on a correlation-type process
(DANTEC, 1991), and signals were validated only

© 1995 International Association of Sedimentologists, Sedimentology, 42, 491-513



496 S. J. Bennett and J. L. Best

Bridge & Best

Table 2. Summary of hydraulic
conditions and bedform

(1988) This study morphology used in this study and
that of Bridge & Best (1988) on
Flow depth (Y), m 0:10 0-10 (crest) ~ which the fixed dune morphology
0-12 (stoss) is based. Mean depth and velocities
Mean velocity (), m s’ c. 0-60 0-57 (crest) ~ are given for the positions over the
0-49 (stoss)  dune crest and a spatial average
Froude number (Fr) 0-61 0-58 (crest)  4cross the stoss slope. U.y and
0-46 (stoss)  Ussr denote boundary a{lc_l
Mean shear velacity (U/.), m s~ 0-062 0-041 U.py skin-friction shear velocities (see
text).
0:025 U. g
Dune wavelength, (1), m 0-45-0-90 0-63
Dune height (h), m 0-025-0-04 0:04
hii 0-04 (mean) 0-063

when Doppler bursts of a sufficient threshold
were recorded on both channels. The flow was
seeded with 20 um diameter titanium dioxide-
coated mica flakes, which provide an excellent
source of scattering centres, yielding data rates of
between 20 and 100 Hz (normally 60 Hz) in this
study. For the mean flow conditions used (see
Table 2), sampling rates of approximately 60 to
70 Hz are desirable to ensure full characterization
of the turbulence spectra (see Nezu & Nakagawa,
1993, p. 30). The probe head was mounted on a
high-precision, electronically controlled traverse
system which allowed the positioning of the laser
intersection volume to within + 0-1 mm.

Seventy-six vertical velocity profiles spaced
0-01m apart were measured near the flume
centreline over one bedform wavelength (Fig. 1b)
with simultaneous downstream and vertical
velocities being collected at 20 to 30 points
within each profile. At each point, the flow was
sampled for 60 s and a grid of over 1800 points
was established (Fig. 1b), with the lowest point in
each profile being 5 mm above the bed.

This LDA data was used to compute mean
flow velocities (arithmetic particle averages) at
each point and second and third moments of the
velocity distributions defined as:

- _q05
u’=[1 > (- U)z} (3)
Il i=1
1. o 0-5
w:[—z;(vi—w] @
Ini=1
1& [u,—0)7
Uime=z 3, [ )
Ini=1 u
Vi X [(V’ N w}' (6)
ni=1i v

where u’ and v’ are the root-mean-square (RMS)
values of the downstream and vertical compo-
nents respectively, n is the number of observa-
tions, u; and v, are the instantaneous velocities, U
and V are the time-averaged velocities at-a-point,
and U, and V., are the skewness values of
the velocity distribution. No attempt was made to
correct for a velocity biasing effect (when the
particle measuring rate is correlated to the magni-
tude of the instantaneous velocity vector in the
flow; Adams & Eaton, 1988), because such bias is
significant only in highly turbulent flows (i.e.
velocities in excess of several metres per second;
see also Gould & Loseke, 1993). The time-
averaged local Reynolds stress at-a-point (z,) was
determined using

7,= — puv (7a)
—@=1 ¥ (w~ Ollvi— V) (7b)
ni=1

where p is fluid density.

This study also sought to examine the structure
of turbulence over the dune bedform with respect
to the type of turbulent event as defined through
quadrant analysis. Quadrant analysis has been
used to discriminate boundary layer turbulent
events by examining the instantaneous deviations
of velocity from the mean values (e.g. Lu &
Willmarth, 1973; Bogard & Tiederman, 1986).
Plotting the horizontal and vertical velocity fluc-
tuations about a zero mean defines four quadrants
(Fig. 2), with quadrant-2 and -4 events describing
the ‘ejection’ and ‘sweep’ events of classical
boundary layer studies and quadrants 1 and 3
defining ‘outward’ and ‘inward’ interactions.
Each turbulent velocity pair may be investi-
gated either through examination of the entire
signal or only those events that lie above a certain
threshold value (H; or hcle size) defined as:

i© 1995 International Association of Sedimentologists, Sedimentology, 42, 491-513



Fig. 1. Experimental fixed dune (@)
configuration. (a) Long-exposure

(1/30 s) photograph of flow over

fixed dune crest and back. Flow is

from left to right and the white

flow tracers are neutrally buoyant

Mean flow and turbulence structure 497

WATER SURFACE

Pliolite. Note the higher-angle =
particle paths along the dune-back,

originating from near the top of the
flow separation zone and near
reattachment. Downstream field of
view is 35 cm long. (b) Vertically 3
exaggerated (c.2-8 X ) dune profile
showing grid of all velocity sample 2
locations. Flow is from left to right.

The square symbols within the grid

and their corresponding letters at

the base of the dune profile are

point locations used in Fig. 9,

Vertical profile locations are spaced

at 0-01 m intervals. Profile number

£0'0

-
ses®an -
. N L T
sentan,
.

0 is the most upstream profile;
profile number 75 is the most
downstream.

H=|uv|/u'v’ (8)

where u'v' is the product of the time-averaged
RMS values at-a-point and u=u,—U and
v=v,— V. Using different threshold values allows
discrimination of the contribution of high-
magnitude events within each quadrant to the
total turbulent signal. Typical threshold values
associated with burst detection (quadrant-2
events) range from 1-07 (Bogard & Tiederman,
1986) to 4.0 to 4.5 (Lu & Willmarth, 1973:
Willmarth & Lu, 1974), whereas values of 2 to 3
have been used for quadrant-4 events (op. cit.).

Because of the lack of data and reliable guide-

lines

concerning event thresholds in non-
canonical boundary layers (sensu Robinson,
1991), no attempt was made to constrain the
time between successive measurements, thus
enabling differentiation between single-event
and multiple-event ejections (see Luchik &
Tiederman, 1987).

Flow visualization over the dunes was accom-
plished using long-exposure 35 mm photographs
of neutrally buoyant Pliolite tracer particles (see
Bridge & Best, 1988; Fig. 1a). These photographs
provided visual evidence of the local streamlines
and instantaneous turbulent events over the dune
profile.

{© 1995 International Association of Sedimentologists, Sedimentology, 42, 491-513
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Fig. 2. Quadrants of the instantaneous uv plane. The
threshold value, H, is determined through comparison
of the instantaneous uv product with the product of the
u and v RMS values. Quadrants 2 and 4 denote
‘ejections’ and ‘sweeps’ of turbulent boundary layer
studies, whereas quadrants 1 and 3 depict outward and
inward interactions.

RESULTS

Mean flow field

Vertical profiles of the mean values of the down-
stream and vertical velocity components at
selected locations (Figs 3 and 4) and contour
maps of the full flow field (Fig 5a,b) illustrate the
characteristic features of flow over the fixed
dunes. The greatest downstream velocities occur
just prior to and at the dune crest (Figs 3a and 5a)
and are followed by a sudden expansion and
separation of flow just downstream of the crest.
Negative horizontal flow velocities in the separ-
ation zone may reach —0-1 to —0-2 U, with
profiles showing intense shear (drag) across the
separation cell (Fig. 3c). The mean distance from
the separation point to flow reattachment, X, is
4.25 h (where h is the bedform height), in good
agreement with previous studies (Engel, 1981;
Nelson & Smith, 1989a). Downstream of reattach-
ment, three distinct layers can be observed (Fig.
3d): (1) the newly formed internal boundary layer
(<0-1Y); (2) the advecting and diffusing mixing
zone along the shear layer (the wake; >0-1 Y to
<05 Y); and (3) the still unaffected outer region
of the flow (>0-5 Y). These profiles illustrate the
dominant effect of flow separation on the local
flow field. By the next crest, the wake region has

diffused and mixed completely, the internal
boundary layer has developed fully and merged
with the outer flow region, and nearly uniform
flow conditions prevail, which are identical to
those of the previous crest (see Figs 3f and 5a).

The time-averaged vertical velocity over the
dune crest is close to zero (Figs 4a and 5b). As
flow expansion and separation begin, streamlines
are directed towards the bed and very large
negative velocities (—0-03 to —0.06m s ')
occur just downstream of the crest and down-
stream of the separation cell (Figs 4b,c and 5b).
Positive vertical velocities within the separation
cell demonstrate the strong circulation pattern,
especially near the dune slip-face, where veloci-
ties approach 0-06 m s ' (Fig. 5b). Topographic
forcing causes flow acceleration over the next
dune back, producing positive vertical velocities
near the bed (Figs 4d,e and 5b; note that the laser
is fixed in an orthogonal position relative to the
flume slope throughout the experiments). By
the next dune crest, flow is essentially identical to
the previous crest (Figs 4a,f and 5b).

The general information provided by these
mean velocity maps confirms previous studies of
flow over dunes (see references above; Table 1) as
well as investigations of flow over negative steps
(e.g. Bradshaw & Wong, 1972; Etheridge & Kemp,
1978, 1979; Nakagawa & Nezu, 1987; Adams
& Eaton, 1988). However, these maps provide
the most comprehensive results detailing the
entire flow field and serve to demonstrate the
quasi-equilibrium flow over dunes, as shown by
the symmetry of velocity over adjacent dune
crests. Because the mean flow fields are both
well-defined and well-constrained, the turbu-
lence structure and velocity time-series may be
investigated with confidence.

Velocity moments and Reynolds stresses

Contour maps of the RMS of the downstream (u’)
and vertical (v') velocities are shown in Fig. 5¢,d.
Maximum u’ values, up to 0-32m s ', occur at
and just downstream of reattachment (Figs 5¢ and
3d) with local high values (from 0-12 to 0-24 m
s ") located within and just downstream of the
separation cell. At a distance approximately 0-6 4
downstream from the crest (where i is dune
wavelength), u’ values have reduced to levels
similar to those of the free-stream (Figs 5c¢, 3a
and 3f).

Maximum v values, up to 0-09m s ', occur
within and above the zone of flow separation
along the shear layer (Figs 4c and 5d). The region
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of high v values (from 0-05 to 0.08m s ')
extends from the dune crestline towards the next
crest, completely encapsulating the shear layer
produced at separation. Because this region is
detached from the bed and the mean velocity is
removed from these determinations, these rela-
tively high v’ values are not the result of topo-
graphic forcing of the flow over the next dune
back but are associated with eddy shedding along
the shear layer. Low v’ values (from 0-01 to 0-03 m
s~ ') are present within the zone of flow separ-
ation along the dune slip-face and near the water
surface.

The spatial variation of skewness for both the
downstream and vertical velocity distributions is
shown in Fig. 6a,b. A strong positive skewness in
the downstream component is located within the
zone of flow separation and especially near the
crestline, representing the mixing of higher veloc-
ity fluid above the shear layer with the lower
velocity fluid of the separation cell (Fig. 6a). A
zone of slightly negative skewness values along
the shear layer also can be observed, reflecting the
ejection of lower than average velocity fluid along
this region (see below).

The skewness of the vertical velocity compo-
nent shows a marked region of positive values

along the shear layer (Fig. 6b; see also Itakura &
Kishi, 1980), diagnostic of fluid ejection along this
layer into the outer flow. Small zones of positive
skewness also occur just upstream of the crest,
just downstream of reattachment and at the base
of the separation cell. Relatively high negative
vertical skewness values are restricted to the
centre of the separation cell (Fig. 6b), reflecting
entrainment of low-velocity fluid into this zone.

A contour map of the spatial variation in
Reynolds stress (Fig. 6¢) shows that maximum r,
values (up to 9 Pa) occur both at and just down-
stream of reattachment and along the shear layer
extending from the crestline to approximately
0-5 .. As expected, the maximum exchange of
fluid momentum occurs along the shear layer,
where both high u’ and v’ values are observed,
Zero and slightly negative 7, values near the water
surface reflect the very low shear in this region
and the influence of the free-water surface. Nelson
et al. (1993) observed similar zero and negative 1,
values and suggested that exact equilibrium flow
over the fixed bedforms was not achieved.

These higher moment velocity and Reynolds
stress determinations illustrate that fluid turbu-
lence is greatest in the separation zone, at re-
attachment and along the shear layer produced
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through flow separation. Turbulence production
associated with the dune flow field is dominated
by Kelvin—Helmholtz instabilities associated with
the shear layer (see also Miiller & Gyr, 1982,
1986). Although previous studies have observed
these high turbulence intensities (Miiller & Gyr,
1982, 1986; Lyn, 1993; Nelson et al., 1993;
McLean et al., 1994), none have quantified the
magnitude of this turbulence nor have they delin-
eated the morphology and downstream extent of
this highly turbulent region.

Quadrant analysis

As described earlier, quadrant analysis examines
the instantaneous uv product at-a-point in rela-
tion to some multiple (H; or hole size) of the
time-averaged u'v’ value (Eq. 8). The representa-
tion of quadrant analysis most widely used is
to determine the fractional contribution of those
uv products greater than H to the time-averaged
— v (see Lu & Willmarth, 1973). For H=0, — uv,,
for each quadrant Q, is determined from

— wvg=— 3 St~ U)v;— V)

ni=1

(9)

upstream of dune crest (profile
number 68).

where the sorting factor, S, is equal to 1 if u;— U
(=u) and v,— V (=v) fall into quadrant Q, other-
wise §=0. For H>0, Eq. (9) is used, with S=1 if
\uv| > H, otherwise §=0. Quadrants 2 and 4 pro-
vide an extraction of energy from the mean flow
field to generate turbulence, hence producing the
sign convention used in Eq. 7a (see Massey, 1989,
p. 147). Negative contributions to the Reynolds
stress in quadrants 1 and 3 denote motions that
may be envisaged as extracting energy from tur-
bulence to the mean flow (see discussions in
Bradshaw, 1971; Landahl & Mollo-Christensen,
1986; Tritton, 1988). The results of quadrant
analysis presented herein are: (1) the number of
events in a given quadrant above a threshold
value divided by the total number of observations
for all quadrants (expressed as a percentage of the
total); and (2) the number of events in a given
quadrant above a threshold value divided by the
total sample time (number of events per unit time;
given in Hz). Note that the absolute data rate
yielded by LDA is dependent on the optical con-
figuration and hardware validation levels chosen
for the LDA, although these were kept constant in
this study. Because the absolute Reynolds stresses
are zero or slightly negative near the free-water
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surface, the results of using quadrant analysis in
these regions have little physical significance.

Contour maps of the number and frequency of
specific quadrant events, as a function of bed
position and threshold value, are shown in Figs
6d, 7 and 8. The fractional contributions of each
quadrant to — ov at different threshold values for
six locations within the flow are shown in Fig. 9.
The points in Fig. 9 (see Fig. 1b for their exact
positions) were chosen to compare contributions
from within the free-stream (Fig. 9a), the separ-
ation zone (Fig. 9c), near flow reattachment (Fig.
9d) and at three locations along the shear layer
(Figs. 9b,e,f). At H=0, all quadrant contributions
are similar to those documented in previous
studies of both turbulent boundary layers over flat
beds (e.g. Lu & Willmarth, 1973) and over bed
topography in field investigations (e.g. Soulshy
et al., 1991; Clifford & French, 1993).

Quadrant-1 events over a threshold of 2 (Fig.
6d) show an increased occurrence within the
separation zone and both at and downstream from
reattachment. These regions probably are associ-
ated with the ejection away from the boundary of
fluid that previously has been brought towards
the bed within and along the separation-zone
shear layer. Such motions are apparent from flow
visualization near reattachment (Fig. 1a) and may
provide one mechanism by which sediment is
eroded from the trough area and lower dune back.
However, these motions are restricted mainly to
near the bed (Fig. 6d) and show a rapid dissipa-
tion vertically. Additionally, few zones of higher
quadrant-1 occurrence exist downstream from
0-6 ~ 4, where the stoss slope flattens off towards
the crestal shoulder. Quadrant-1 events exhibit
similar contributions to — uv at all points, with
only minor contributions over threshold values of
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2 (see Figs 9 and 6d). However, within the sep-
aration zone (Fig. 9c¢), the absolute magnitude of
quadrant-1 events is higher, with contributions
up to a threshold of 9, although these large events
quickly diminish by reattachment (Fig. 9d).
McLean et al. (1994) have suggested that large
quadrant-1 events, although providing a negative
contribution to the local Reynolds stress, may be
important in sediment transport.

The number of quadrant-3 events over a
threshold value of 2 are localized at flow reattach-
ment, where low-velocity fluid, possibly
entrained from within the separation zone, is
brought towards the bed (Fig. 7c). The higher
values above the dune crest reflect flow conver-
gence in this region. The fractional contribution
of quadrant-3 events to — v is concentrated pri-
marily below a threshold of 3, except for slightly
higher values within the flow separation zone
(Fig. 9d).

At threshold values of both 2 and 4, quadrant-2
events occur most frequently along the
separation-zone shear layer and near reattach-
ment (Figs. 7a,d and 8b,d). This zone of frequent
quadrant-2 events extends and enlarges down-
stream, almost reaching the next dune crest and
achieving a thickness close to 4 cm (~h) over the
next dune back. The frequency of these events,
varying between 2 and 3-5Hz for H=2 and
between 1-0 and 1.5Hz for H=4, produces
Strouhal numbers of between 0-17 and 0-83 (using
Eq. (2) and U and U, from Table 2). These
Strouhal numbers are similar to the value of 0-14
observed for eddy shedding behind dunes by
Itakura & Kishi (1980), and for flow over hemi-
spheres (0-1 to 0-4, Acarlar & Smith, 1987) and
gravel clasts in natural rivers (0-12 and 6-60,
Clifford et al, 1993). The range in frequencies

Fig. 5. Contour maps of mean flow and turbulence parameters. Flow is from left to right, scale colour bar is given for
each map and vertical exaggeration is ¢. 1-3 x . (a) time-averaged downstream velocity (U); (b) time-averaged vertical
velocity (V); (c) downstream RMS velocity (u'); (d) vertical RMS velocity (v/).

Fig. 6. Contour maps of flow and turbulence parameters. Flow is from left to right, scale colour bar is given for each
map and vertical exaggeration is ¢. 1-3 x : (a) skewness of the downsteam velocity distribution (U, ...); (b) skewness

of the vertical velocity distribution (V,.,); (c) turbulent Reynolds stress (r.); (d) normalized number (%) of
quadrant-1 events occurring for H=2.

Fig. 7. Contour maps of flow and turbulence parameters. Flow is from left to right, scale colour bar is given for each
map and vertical exaggeration is ¢. 1-3 X : (a) normalized number (%) of quadrant-2 events occurring for H=2; (b)
normalized number (%) of quadrant-3 events occurring for H=2; (c) normalized number (%) of quadrant-4 events
occurring for H=2; (d) frequency (Hz) of quadrant-2 events occurring for H=2.

Fig. 8. Contour maps of flow and turbulence parameters. Flow is from left to right, scale colour bar is given for each
map and vertical exaggeration is c. 1-3 x : (a) frequency (Hz) of quadrant-4 events occurring for H=2; (b) normalized
number (%) of quadrant-2 events occurring for H=4; (c) frequency (Hz) of quadrant-2 events occurring for H=4; (d)
normalized number (%) of quadrant-4 events occurring for H=4.
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measured here reflects both the intermittent
shedding of eddies of different sizes and periods
as well as vortex amalgamation and pairing along
the shear layer (e.g. Miiller & Gyr, 1986).

These results detailing the occurrence of high-
magnitude quadrant-2 events illustrate that the
source of dune-related ‘bursting’ or ejections
reported previously (Jackson, 1976; Yalin, 1977,
1992; Lapointe, 1992) lies not in classical bound-
ary layer bursting but in Kelvin—-Helmholtz insta-

exact point locations at profiles 5,
16, 20, 28, 35 and 60.

bilities shed off the separation-zone shear layer.
These data are supported by earlier experimental
(Miiller & Gyr, 1982, 1986; Levi, 1991) and field
investigations (Rood & Hickin, 1989; Kostaschuk
& Church, 1993), which document the occurrence
of large eddies downstream from dune crests
associated with high concentrations of sus-
pended sediment. The occurrence of significant
quadrant-2 events near reattachment also lends
support to the field evidence of Kostaschuk &

© 1995 International Association of Sedimentologists, Sedimentology, 42, 491-513



Church (1993), who observed increased sus-
pended sediment concentrations near the lower
dune back as well as near the dune crest.

In general, quadrant-2 events dominate the frac-
tional contribution to the local Reynolds stress
irrespective of threshold value (Fig. 9). The con-
tributions along the evolving shear layer initially
increase (Fig. 9b,c), but as the shear layer zone
mixes and dissipates downstream, these contri-
butions decrease (Fig. 9f). It is apparent that
relatively rare, high-magnitude ejection events
(H>6) may be influential in Reynolds stress pro-
duction and in the suspension of sediment (e.g.
Sutherland, 1967; Grass, 1974; Sumer & Ogiiz,
1978; Sumer & Deigaard, 1981). Not only are these
high-magnitude events capable of transporting
more and coarser grained sediment, but their
frequency also will differ from that predicted
using Eq. (2). The frequency of quadrant-2 events
at threshold values of 6, 9 and 12 for the point
analysed from profile 35 in Fig. 9e are 0-13, 0-08
and 0-05 Hz respectively. The presence of these
larger magnitude, lower frequency events may
explain some of the longer period events observed
by Lapointe (1992) and Kostaschuk & Church
(1993). Possible origins of these rarer and more
energetic quadrant-2 events include: (1) temporal
variations in the velocity gradients across the
shear layer; (2) vortex interaction and pairing; and
(3) lower frequency ‘flapping’ of the shear layer.
Such longer period movement or ‘flapping’ of the
entire shear layer has a dimensionless frequency,
f. <01 (where f,=fX,/U; see Simpson, 1989;
Nelson et al., 1993), giving estimated frequencies
herein of approximately 0-3 Hz. The short sample
lengths, however, prohibit further examination of
this proposal. Furthermore, it is likely that the
mixing layer is associated with streamwise
vortices generated along the braids between the
Kelvin—-Helmholtz instabilities (see, for example,
Metcalfe et al., 1987; Lasheras & Choi, 1988;
Silveira Neto et al., 1993), which will also con-
tribute to the ejection of fluid into the outer flow.
Recent work on the interaction of outer region
eddies with the near-wall structure (Myose &
Blackwelder, 1994) also suggests that the sign of
spanwise vortices may influence significantly the
bursting process. Flow-transverse eddies imping-
ing on a wall may either enhance or delay burst-
ing depending on whether the spanwise vorticity
is negative or positive (anticlockwise or clockwise
respectively, when viewed in the streamwise, xy,
plane). Such outer zone interaction and its influ-
ence on the ejection of fluid into the outer flow
also may occur in the flow field behind bedforms
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and negative steps. Work has indicated that con-
cave wall curvature also can modify significantly
the turbulent boundary layer structure (Barlow &
Johnston, 1988a,b), thus introducing additional
complexities to flow over dunes, especially in the
trough region and lower dune back.

Quadrant-4 events are most common bounding
the separation zone and near reattachment (Figs
7c¢, 8a and 8d) and dominate the fractional contri-
bution to the local Reynolds stress in these
regions (Fig. 9¢,d), reflecting the inrush of higher
velocity fluid brought towards the bed along the
shear layer. For H=4, the frequency of quadrant-4
events (Fig. 8d) is approximately 1-25 Hz along
the upper part of the shear layer and above the
dune crest. The remainder of the quadrant-4 field
is characterized by frequencies of 0-25 to 0-75 Hz
with no discernible pattern. Quadrant-4 events
have been linked to the entrainment and bedload
transport of sediment (e.g. Thorne et al., 1989;
Williams et al., 1989; Williams, 1990) and the
inrushes of fluid documented here may provide
the high instantaneous shear stresses necessary
for entrainment to occur both at reattachment and
along the lower dune back (see Fig. 6¢). This zone
of frequency quadrant-4 events diffuses at c. 0-54,
providing the potential for sediment eroded along
the lower dune back to be deposited higher on the
dune stoss side.

Bed shear stress

Following Smith & McLean (1977; Nelson &
Smith, 1989b), the total spatially averaged
boundary shear stress (zy) can be written as the
sum of the skin-friction (rg) and form-drag (z;p)
components:

Tp=Tsp+TFp (10)

The total boundary shear stress, 1, was deter-
mined from measurements of the spatial average
of the direct stress measurements well above the
bedform (see Lyn, 1993; Nelson et al., 1993). This
was accomplished by averaging the values of 7y
from reattachment to the dune crest along con-
stant height about the mean bed elevation.
Because the measurements were staggered in
space, each 7, was sorted into 5-m bins, averaged
and the mid-point of each bin plotted (Fig. 10). A
region of linear stress exists between 0.035 and
0-070 m above the mean bed elevation. Linear
regression through these points projected down
to the zero mean bed height, corresponding to
a hypothetical equivalent flat-bed flow, gives
73=1-68 Pa (Table 2).
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Fig. 10. Vertical variation of the spatially averaged
Reynolds stress, t,, from reattachment to the dune crest
about the mean bed elevation. A regression through the
linear segment of the stress profile projected to the zero
mean bed height is used to determine 7.

Skin-friction shear stress values could not
be determined accurately from the near-bed
velocities because an insufficient number of
measurements were obtained within the internal
boundary layer (see discussion in Nelson &
Smith, 1988b). The average internal boundary

layer thickness, y., was determined to be
approximately 6-6 mm using

4 0-8
V04 [L} (11)
Yo Ya

where the zero-velocity roughness height, y,, is
0-008 mm (with y,=k./30-2; k,~D,,~0-25 mm;
Smith & McLean, 1977; Nelson et al., 1993). By
assuming that the velocity varies logarithmically
between the lowest measured velocity (v=5 mm)
and the bed, the skin-friction shear stress can be
determined using ‘the law of the wall’

UV Y [_} (12a)
Ugrp ¥ Yo
tar=pUssw (12b)
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Fig. 11. Comparison of vertical profiles of U and u’ over
fixed dunes (circle symbols) to the mobile dunes (tri-
angle symbols) of Bridge & Best (1988) at various
locations (see Fig. 1b). (a) dune trough/lower dune back
(using profile 35); (b) dune trough/lower dune back
(using profile 27); (c) upper dune back (using profile
60); (d) upper dune back (using profile 50).

where U is the velocity measured at height y
and von Karman’s constant, «, is 0-4. Values of
1 varied from near zero at reattachment to a
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Fig. 12. Summary diagram of the spatial distribution of the percentage number of each quadrant event using H=2. For
quadrant-2 events, both the 2% and the 5% contours are shown.

maximum of 1-08 Pa just upstream of the dune
crest, with a spatial average of 0-61 Pa (Table 2).
Using these 7 and g values, bedform drag coef-
ficients (Cp) of 0-20 and 0-16 were calculated
using Egs (13) and (14) in Nelson et al. (1993,
p. 3942), respectively. These bedform drag coeffi-
cients are in close agreement with previous deter-
minations (0-23, Smith & McLean, 1977; see
Wiberg & Nelson, 1992; 0-23 to 0-45 and 0-18
to 0-31, Nelson ef al, 1993, using the same
equations).

Comparison with mobile bed conditions

The bedform morphology and mean flow con-
ditions used here compare well with the work of
Bridge & Best (1988) upon which the present
study was based (Table 2). Additional compari-
sons between the downstream velocity and RMS
values for several positions over the troughs and
backs of the dunes (Fig. 11) further demonstrate
the similarity between mobile and fixed bed
experiments. Mean velocities over the fixed dunes
as a function of bed height are similar to the
mobile dunes studied by Bridge & Best both in
magnitude (Fig. 11e,g) and in shape (Fig. 11a,¢,g).
Lower velocities observed near the bed (i.e.
greater drag, larger roughness heights) in the
mobile bed conditions are due to: (1) increased
drag associated with the moving bed layer (e.g.
Wiberg & Rubin, 1989; Bridge & Bennett, 1992;
and references therein); and (2) decreased drag
over immobile beds due to the much lower
porosity of the concrete bedforms as compared

with the mobile sand bed (e.g. Zippe & Graf, 1983;
Mendoza & Zhou, 1992).

Although the shape of the vertical u' profiles for
both mobile and immobile bed conditions are
similar (Fig. 11b,d,fh), the LDA measurements of
u’ are larger in magnitude, especially in detecting
the high turbulence values associated with the
shear layer (Fig. 11d). This difference is due to: (1)
the poor resolution of the constant temperature
anemometer (CTA) used by Bridge & Best (1988)
as compared with the LDA; and (2) the inability of
the CTA to detect negative velocities (flow rever-
sals) within the separation zone. Furthermore, the
velocity and turbulence measurements obtained
by Bridge & Best inevitably were prone to varying
dune morphology during collection periods.
However, the results presented herein may be
viewed as typical of flow conditions over equilib-
rium dunes generated in 0-3 mm diameter sand.

DISCUSSION

These data on flow and turbulence structure over
fixed dunes have important implications for both
the mechanisms of sediment transport, in relation
to dune formation and stability, and the fluid
dynamic distinction between ripples and dunes.
A summary diagram of the location of high-
magnitude turbulent events (for H=2) with
respect to bed position is shown in Fig. 12.
Frequent, high-magnitude quadrant-2 events
(ejections) dominate the lower two-thirds of flow,
both along the shear layer, where they arise due to
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Kelvin-Helmholtz instabilities, and near the re-
attachment region. As discussed by Bennett &
Best (1995), these quadrant-2 events provide a
mechanism for the entrainment and suspension of
sediment. This contention is supported in two
ways: (1) the observation of high suspended
sediment concentrations associated with ‘boils’
(Matthes, 1947; Coleman, 1969; Jackson, 1976;
Rood & Hickin, 1989; Kostaschuk & Church, 1993)
and similar velocity signals (Lapointe, 1992); and
(2) the high positive skewness values of the verti-
cal velocity distributions along the shear layer,
which produce an anisotropy in vertical turbu-
lence (see also Itakura & Kishi, 1980). Such
anisotropy has been invoked as a mechanism for

using Eq. (2) across the
ripple—dune transition.

the maintenance of a suspended load (Bagnold,
1966; Leeder, 1983; Wei & Willmarth, 1991).
Frequent, high-magnitude quadrant-4 events
dominate flow within the separation zone, at
reattachment and at the dune crest (Fig. 12),
demonstrating the movement of fluid towards the
boundary along the shear layer, the impact of
vortices on the bed and flow convergence over the
crest. These turbulent events are capable of
entraining sediment (e.g. Thorne ef al., 1989;
Williams et al., 1989; Williams, 1990) and pro-
vide evidence for the erosion and transport of
sediment over the lower stoss of the dune and
deposition high on the dune crest. Quadrant-1
events (Fig. 6d) may also play a role in sediment
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entrainment in the reattachment region and add
to the downstream sediment flux (see also
McLean et al., 1994).

This spatial pattern of entrainment, transport,
suspension and deposition of sediment is con-
trolled by the formation and downstream extent
of the separation-zone shear layer (see Figs 5-8).
The magnitude and frequency of ejection events
will be determined by the velocity gradient across
the shear layer and hence the rotational velocity
of the Kelvin-Helmholtz instabilities that are gen-
erated. If we assume that mean velocity within
the separation zone near the shear layer is
approximately 0-2 U (see, for example, Etheridge
& Kemp, 1978; Nakagawa & Nezu, 1987), then the
velocity differential across the shear layer
(~U—0-2 U) can be estimated from data obtained
across the ripple-dune transition in a range of
sediment sizes (Fig. 13). These plots illustrate
that, for any one grain size, once Y/h< ~5, the
velocity differential across the shear layer
increases rapidly and dunes become the stable
bedform. The velocity differential across the shear
layer may be viewed as being proportional to the
turbulence intensity both within the shear layer
and near the reattachment region. Previous work
on negative steps has also demonstrated that the
shear layer exerts a significantly greater influence
on the entire flow field when the step height
becomes a substantial fraction of the flow depth
(Bradshaw & Wong, 1972). Additionally, dunes
may exhibit a higher frequency of eddy shedding
as compared with ripples (using Eq. (2); Fig. 13h).
Hence, once a bedform reaches a certain height
within the flow (perhaps by amalgamation of two
‘rogue’ ripples, see Leeder, 1980), then the veloc-
ity differential across the shear layer increases
and quadrant-2 and -4 events become larger and
more frequent, increasing the downstream sedi-
ment flux. Considerations of this turbulence
structure are absent in linear stability analysis,
suggesting that other processes may be respon-
sible for the formation and hydraulic stability of
dunes (see also McLean & Smith, 1986; McLean,
1990; Nelson et al., 1993). It should be noted that
the mean velocity, bed shear stress and sediment
transport rate also increase across the ripple—
dune transition. The larger flow depth above
rippled beds also allows for greater mixing and
dissipation of the low-magnitude, low-frequency
eddies associated with the separation-zone shear
layer. Therefore, dunes appear to be differentiated
from ripples by possessing larger magnitude,
higher frequency eddies, which can translate
through the entire flow depth before becoming
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fully mixed. This also correlates broadly with the
downstream extent of the shear layer, whose
vertical thickness is approximately equal to
dune height and whose downstream extent is
approximately equal to dune length.

CONCLUSIONS

Detailed measurements of the downstream and
vertical components of velocity over fixed, two-
dimensional bedforms in a laboratory channel
have defined the typical turbulence structure
associated with dunes. High turbulence intensi-
ties and positive vertical skewness values, the
result of high-magnitude fluid ejections due to
Kelvin—Helmholtz instabilities, dominate the free
shear layer bounding the flow separation zone.
Such instabilities are the source of dune-related
macroturbulence. The spatial distribution of
specific turbulent events also provides possible
mechanisms for the entrainment, transport and
suspension of sediment associated with dunes.
The formation, growth and downstream extent
of the separation-zone free shear layer and its
associated instabilities may ultimately control the
formation, hydraulic stability and differentiation
of ripples and dune bedforms in unidirectional
flows.
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NOTATION

Ch bedform drag coefficient

Dy, grain size which 84% of the distri-
bution is finer than

f frequency

L frequency of shear layer fluctuations

Fr Froude number; Fr=U/NgY

g gravitational acceleration

threshold (hole size) used in quad-
rant analysis

bedform height
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equivalent sand roughness height
number of measurements

quadrant number

sorting factor in quadrant analysis
Strouhal number

burst period

dimensionless burst period
time-averaged mean downstream
and vertical velocity

time-averaged mean downstream
velocity over crest

skewness of the velocity distribu-
tions

instantaneous velocity fluctuations
about a zero mean

instantaneous velocities
root-mean-square of the velocity
distributions
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boundary and skin-friction shear
velocities

flow reattachment length

mean flow depth

height above the bed

zero-velocity roughness height
average internal boundary layer
thickness

bedform wavelength

wavelength of laser light

von Karman's constant

fluid density

boundary, skin-friction and form-
drag components of shear stress
turbulent Reynolds stress
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