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ABSTRACT

This thesis quantifies the occurrence, morphology and flow dynamics of dune bedforms in
the main rivers of Bangladesh: the Jamuna, Meghna and Ganges. Field work was conducted
as part of the River Survey Project (Bangladesh Flood Action Plan 24) between November

1993 and March 1996, hence encompassing two flood hydrographs. River surveying was
accomplished using a differential global positioning system to obtain vessel position and
high resolution echo sounders and side scan sonar to monitor bed morphology. Flow,
turbulence and suspended sediment transport were investigated using an Acoustic Doppler
Current Profiler (ADCP) which measured both the instantaneous three-dimensional velocity
structure and the relative suspended sediment concentration for the entire flow column
beneath the survey vessel.

Dunes are ubiquitous in the Jamuna and range in height from 0.15 to over 6 m and in
wavelength from 3 to 300 m. Both dune height and wavelength alter systematically with
flow stage, increasing by factors of 6 and 8 respectively between low and high flow
conditions. Lee side angle, which effects flow separation downstream of the dune crest and
hence turbulence production and flow resistance, ranges from 2° to 58° and steepens with
flow stage. There is little evidence of dune flattening with increasing flow stage, indicating
that flow conditions do not reach the transition to upper-stage plane beds. An important
corollary of this is that dunes are the dominant bedform at all flow stages and hence will
dominate the preserved sediments of such alluvial channels. Existing models of dune
morphology and occurrence are poor predictors at high flow stage in the Jamuna, most
likely because of the low Froude numbers associated with such deep channels.

Mean flow and turbulence fields, obtained from at-a-point profiling during different flow
stages, have been examined for dunes with steep (>20°) and low (<10°) lee side angles. No
flow separation was detected over dunes with low lee face angles. Over dunes with steep lee
face angles, mean negative downstream velocities do not occur downstream of dune crests,
although intermittent flow separation (flow reversals) has been measured at both low and
high flow stages, with instantaneous velocity reversals reaching -60% of the depth averaged
mean. The free shear layer of the flow separation zone is temporally and spatially unstable,
the growth and decay of high velocity gradients acting across the shear zone controlling
both eddy shedding of quadrant-2 type 'ejections' and also movement of the shear layer
within the water column. These 'ejections' from the shear layer are associated with
substantially higher suspended sediment concentrations than the background ambient value
and are thercfore responsible for increasing suspended sediment transport over dunes. Near
the flow reattachment zone, quadrant-4 type 'sweep' events are most important in terms of
event occurrence, contribution to Reynolds stress and suspended sediment transport and
hence are responsible for scour in the dune trough. These results show that dune stability is
controlled by the spatial variation in sediment transport, which in turn is dependent on the

turbulence structure that is a consequence of flow expansion and separation downstream of
the dune crest.
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that the average value here is still different from the true current. The difference

that does not average out is ADCP system bias.

Figure 3.8, ADCP file structure for one ensemble (6 pings), descriptions of file contents are

noted in bold italics. Header information for each ensemble includes DGPS co-
ordinates and time and a reference code to link the ADCP flow structure with
morphological data from the echo sounder. Data for velocity, echo intensity and
% good data are collated in 3 sections for each beam at successive depths in the
flow column from 2.66m downwards in 0.5m cells, where -32768 is a default

referring to bad or missing velocity data.

Figure 3.9, Side scan sonar fish.

Figure 3.10, Schematic illustrating the survey vessel 'DHA' and instrument deployment.

Chapter 4. Dune Morphology

Figure 4.1, The percentage occurrence of dunes in the main channels at Bahadurabad,
Sirajganj and Bhairab Bazar for the study period between November 1993 to

December 1995. For survey site locations see Chapter 1, Figure 1.2.
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Figure 4.2, Example of the bathymetry from a longline survey between Bahadurabad and
Sirajganj used to quantify bed coverage of dunes. The survey reach is 35 km

long.

Figure 4.3, Plots of the relationship between dune height and flow depth split by flow stage.

van Rijn’s factor E is also shown.

Figure 4.4, Plots of the relationship between dune wavelength and flow depth split by flow

stage. van Rijn’s factor N is also shown.

Figure 4.5, Plots of the relationship between dune height and flow depth split by flow stage.
Yalin’s (1964) and Allen’s (1982) predictions of dune height as a function of

flow depth are shown with a best fit regression line for the Jamuna data,

Figure 4.6, Temporal variation in the mean, maximum and minimum values of (a) dune

height, (b) dune wavelength, (¢) dune form index, (d) van Rijn’s transport

parameter T, (e) lee face angle, (f) lee angle a, and (g) lee angle b through the
1994 and 1995 flood hydrographs.

Figure 4.7, Plots of the relationship between dune wavelength and flow depth split by flow
stage. Yalin’s (1964) and Allen’s (1982) predictions of dune wavelength as a

function of flow depth are shown with a best fit regression line for the Jamuna

data.

Figure 4.8, Plots of the relationship between dune height and wavelength split by flow

stage.

Figure 4.9, Schematic diagram defining dune shape factor

Figure 4.10, Histograms of dune leeface angle for (a) high flow stage, (b) rising flow stage,
(c) low flow stage and (d) falling flow stage. The number on each graph indicate
the percentage of dunes that are steeper than the critical angle for flow

separation.
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Figure 4.11, Plot of lceside angle as a function of mean downstream velocity. Each point
represents a group mean value of the leeside angle for a population of dunes

during a survey period.

Figure 4.12, Leeside angle can be defined by the angle of the brinkpoint, the angle of the

crestal shoulder or the mean leeside angle.

Figure 4.13, Plots of van Rijn’s sediment mobility parameter, T, versus van Rijn’s steepness

parameter.

Figure 4.14, Plots of van Rijn’s sediment mobility parameter, T, versus van Rijn’s height

parameter.

Figure 4.15, Plots of van Rijn’s sediment mobility parameter, T, versus (a) shape factor and

(b) lee side angle.
Figure 4.16, Plots of van Rijn’s sediment mobility parameter, T, versus Froude number, Fr.

Figure 4,17, Temporal variation in the mean, maximum and minimum values for
superimposed dunes of (a) dune height, (b) dune wavelength, (¢) lee angle, (d)
dune form index through the 1994 and 1995 flood hydrographs.

Figure 4.18, Plots of friction factors calculated using Engelund(19) and van Rijn’s method
for (a) high flow stage, (b) rising flow stage, (¢) low flow stage and (d) falling

flow stage.

Figure 4.19, Plot of shape factor as a function of lee face angle split by flow stage.

Figure 4.20, Plot of form index as a function of lee face angle split by flow sfage.

Figure 4.21, The cffect of using real rather than estimated shape factor when calculating

friction factors using van Rijn’s method.

Figure 4.22, SSS image obtained at low flow (March 1995) at Bahadurabad illustrating

clear dune crestlines
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Figure 4.23, Composite mosaic tracing of dune crestline morphology derived from SSS
image (march 1995) showing an arca approximately 1 km in length and 200 m

wide. Note the sinuosity of both the larger and smaller wavelength dunes.

Figure 4.24, SSS image obtained at high flow (September 1995) at Bahadurabad illustrating

clear dune crestlines

Figure 4.25, Composite mosaic tracing of dune crestline and trough morphology derived

from SSS image (September 1995) showing an area approximately 1 km in

length and 200 m wide. Note the sinuosity of both the larger and smaller

wavelength dunes. Letters A-H correspond to crestlines marked on Figure 26.

Figure 4.26, Bed morphology measured using and echo-sounder for the same area as Figure

25 with corresponding dune crestlines marked A-H.

Chapter S. Flow and Turbulence over Dunes

Figure 5.1, Survey line locations for (a) high flow, August 1994, (b) low flow, March 1995,
(c) high flow, September 1995 and (d) low flow, February 1996. Profiling

locations are shown along with all transect lines repeatedly surveyed during each

study period.

Figure 5.2, Stage hydrograph covering the period from 1994 to 1996 recorded at

Bahadurabad. The data of each survey is superimposed on the hydrograph.

Figure 5.3, Streamwise river bed transects showing cross-sectional morphology of dune fields

for (a) August 1994, (b) March 1995, (c) September 1995 and (d) March 1993 surveys.

At-a-point velocity profiling locations are shown.

Figure 5.4, Detailed cross-sectional morphology of dunes for each survey period over which at-a-
point velocity time series data was collected. All profile locations are shown and flow is

from right to left.
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Figurc 5.5, (a) Survey vessel location tracking by DGPS for at-a-point profiling showing boat
movement during time series collection for profile H/94/T conducted under high flow
conditions. (b) The variation in bed level recorded using the echo-sounder for the H/94/T

at-a-point profile survey.

Figure 5.6, Variation in flow depth through survey H/94/T. (a) flow depth and boat movement

relative to profiling start position. (b)Relative boat movement for the entire survey.

Figure 5.7, Vertical profiles of the mean at-a-point velocity and corresponding RMS values collected

during the high flow August 1994 survey over the dune trough (H/94/T) and crest
(H/94/C) showing (a) downstream velocity and (b) vertical velocity and (c¢) both vertical

and downstream velocity over the dune trough averaged over the entire time series (3130

s) and over 1135.35s.

Figure 5.8, Vertical profiles of mean at-a-point velocity collected during the high flow September
1995 survey over the dune stoss-side, crest and just downstream of reattachment (a)
downstream and vertical velocity and (b) and example of the extremely small RMS
values of downstream velocity for this survey due to the long (50 s) ADCP ensemble

averaging time,

Figure 5.9, Vertical profiles of the time averaged, at-a-point normalised velocity gradient
collected during the August 1994 and September 1995 surveys. The relative

location of each profile is indicated by the schematic above and each profile is
labelled.

Figure 5.10, Normalised vertical time-averaged at-a-point velocity profiles from both high
flow surveys. Dune wavelengths were also normalised so relative position along
the bed form is tllustrated above. The normalised velocity data of Bennett and
Best (1995) are plotted to compare the field and flume measurements.(a)

downstream velocity (U/u,,,) where unax is the maximum downstream transect

velocity and (b) vertical velocity (V/vmax) Where vy, 1s the maximum vertical

velocity.,

Figure 5.11, Spatial mean downstream and vertical velocity profiles measured from transect

surveying from successive crest and trough positions across the dune fields shown in
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Figure 3 (a) and (b). Each value is the mean of instantaneous profiles collected from
above 24 individual crests and troughs. For comparison the mecan velocity from both
trough and crestal positions is given in (a), and minimum, maximum and mean values of
the downstream velocity are given in (b) for the crest and (c) for the trough. The data of

Bennett and Best (1995) are also shown in (b) and (c).

Figure 5.12, An example of the downstream velocity RMS values from the September 1995
survey. The very low RMS values are a function of the ADCP ensemble

averaging time set (55.5s) during this survey.

Figure 5.13, Vertical profiles of the mean Reynolds stress for the August 1994 high flow survey
collected over (a) H/94/T, dune trough and (b) H/94/C, dune crest.

Figure 5.14, Vertical profiles of the at-a-point vertical and downstream velocity time series skewness

for the August 1994 high flow survey collected over the dune trough, H/94/T and the
dune crest, H/94/C.

Figure 5.15, At-a-depth time series of the instantaneous values of the downstream velocity
collected over the dune (a) H/94/C, crest and (b) H/94/T, trough for the high
flow August 1994 survey.

Figure 5.16, Contour maps of temporal variations in at-a-point downstream velocity for the
high flow survey at (a) H/94/C, dune crest and (b) H/94/T, dune trough. Flow is
from top to bottom and a scale colour bar is given for each map. Flow depth bin
sizes are 0.5 m. Each time series has been split to fit to page size and successive

profiles are from left to right.(i) intermittent flow reversals, (ii) ascension of the
shear zone after a period of flow reversal, (iii) the location of reversal varies
vertically in the flow column, (iv) vertical drop in the shear zone height
associated with period with no flow reversal and (v) intermittent variation in

downstream velocity in the outer flow zone.

Figure 5.17, Intermittency in flow reversal variation with flow depth through the separation
zone and shear layer for profile H/94/T collected during the high flow survey,
August 1994,



XViil

Figure 5.18, Schematic illustrating main features of the instantaneous downstream flow

field

Figure 5.19, Contour maps of temporal variations in at-a-point downstream velocity

gradient for the high flow survey at (a) H/94/C, dune crest and (b) H/94/T, dune
trough. Flow is from top to bottom and a scale colour bar is given for each map.
Flow depth bin sizes are 0.5 m. Each time series has been split to fit to page size
and successive profiles are from left to right.(1) intermittent period of high
velocity gradient, (ii) movement of high velocity gradient packages upwards in
the flow column, (iii) occasional high velocity gradient packages in outer zone
of flow column, (iv) high velocity gradient packages lifting in the flow column
as they detach from the shear layer indicating an ejection of turbulent fluid.

These may be linked with flow reversals shown in Figure 13(b) and (v) high

negative velocity gradients near the bed.

Figure 5.20, Schematic illustrating main features of spatial and temporal variations in the

downstrecam velocity gradient.

Figure 5.21, Quadrants of the instantaneous uv plane. Quadrants 2 and 4 denote ‘ejections’
and ‘sweeps’ of turbulent boundary layer studies, whereas quadrants 1 and 3
depict outward and inward interactions. Threshold values of H are determined

from the variance of the u and v velocity distributions.

Figure 5.22, Downstream and vertical velocity fluctuations and uv time series for the first
1500s of a 3000s record from the high flow survey profile H/94/T. The flow
depth at which the data were recorded was 12.7m and quadrant 2 and 4 events

are labelled.

Figure 5.23, Vertical profile of percentage of occurrence of quadrant 1, 2, 3 and 4 events.

Threshold value for u and v is 1 standard deviation.

Figure 5.24, Fractional contribution to -uv of quadrants 1,2, 3 and 4 for profile H/94/T.
Flow depths of 6.7 m, 10.7 m and 12.2 m are shown for varying threshold values

(0-3.5 standard deviations).
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Figure 5.25, Fractional contribution to -uv of quadrants 1, 2, 3 and 4 for profile H/94/C.
Flow depths of 4.2 m and 9.2 m are shown for varying threshold values (0-3

standard deviations).

Figure 5.26, The temporal relationship between quadrant 2 and 4 events and high velocity

gradients (> |1| ) in the shear layer.

Figure 5.27, Power spectra of downstream velocity at the depths indicted from the high flow

survey over the dune trough (H/94/T).
Figure 5.28, Histogram describing visual observations of boil eruption at the water surface

Figure 5.29 Power spectra of the velocity gradient through the separation zone shear layer

from profile H/94/T. The height of the profile is 12.2 m.

Figure 5.30, Histogram describing quadrant 2 events recurrence distributions with

thresholding levels set at (a) 0 and (b) 0.5 standard deviations and (c)

Recurrence period for quadrant 2 events at increasing threshold levels at depths

of 6m, 10m and 12m.

Figure 5.31, Vertical profiles of mean at-a-point velocity and corresponding RMS values
collected during the February 1996 low flow survey over the dune stoss side

(L/96/S), trough (L/96/T) and subsequent stoss-side (L/96/TS) showing (a) mean

downstream velocity and (b) mean vertical velocity.

Figure 5.32, Vertical profiles of mean at-a-point velocity and corresponding RMS values

collected during the March 1995 low flow survey over the dune crest (L/95/C)

showing (a) mean downstream velocity and (b) mean vertical velocity.

Figure 5.33, Vertical profiles of the time averaged, at-a-point normalised velocity gradient
collected during the March 1995 and February 1996 surveys. The relative

location of each profile is indicated by the schematic above and each profile is
labelled.
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Figure 5.34, Normalised vertical time-averaged at-a-point velocity profiles from both low
flow surveys. Dune wavelengths were also normalised so relative position along
the bed form is illustrated above. The normalised velocity data of Bennett and
Best (1995) are plotted to compare the field and flume measurements.(a)

downstream velocity (U/u,,,¢) Where ug,, is the maximum downstream transect

velocity and (b) vertical velocity (V/vy,) where v, is the maximum vertical

velocity.

Figure 5.35, Vertical profiles of the mean Reynolds stress for the low flow February 1996
and March 19935 surveys.

Figure 5.36, vertical profiles of the at-a-point vertical and downstream time series skewness

for the March 1995 and February 1996 low flow surveys over high angled dunes.

Figure 5.37, At-a-depth time series of the instantaneous values of the downstream and
vertical velocity collected for the low flow surveys over (a) L/96/S, stoss side

dune, (b) L/96/T, trough of a primary dune and (c) L/96/TS, trough of a

secondary dune.

Figurc 5.38, Contour maps of temporal variations in at-a-point downstream velocity for the
low flow survey at (a) P7, trough of a secondary dune, and (b) P6, primary dune
trough and (c) P35, stoss side of the subsequent dune. Flow is from top to bottom
and a scale colour bar is given for each map. Flow depth bin sizes are 0.5 m.

Each time series has been split to fit to page size and successive profiles are

from left to right.

Figure 5.39, Intermittency in flow reversal variation with flow depth through the separation

zonc and shear layer for profiles L/96/TS and L/96/T collected at low flow stage.

Figure 5.40, Contour maps of temporal variations in at-a-point downstream velocity
gradient for the low flow survey at (a) L/96/TS, trough of a secondary dune, and
(b) L/96/T, primary dune trough and (c) L/96/S, stoss side of the subsequent
dune. Flow is from top to bottom and a scale colour bar is given for each map.
Flow depth bin sizes are 0.5 m. Each time series has been split to fit to page size

and successive profiles are from left to right.
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Figure 5.41, Power spectra of downstream velocity for profiles L/96/T, L/96/TS and L/96/S.
The depth of each time series is shown on each graph. Label I refers to a spectral

peak at a frequency of 0.036 Hz (T= 27.8 s).

Figure 5.42, Power spectra of downstream velocity gradient for profile L/96/T at a depth of
7.7 m.

Figure 5.43, Vertical profiles of mean at-a-point velocity and corresponding RMS values
collected during the February 1996 low flow survey over a low angled dune

leeside side (L/96/LOW 1and L/96/LOW?2) showing (a) mean downstream

velocity and (b) mean vertical velocity.

Figure 5.44, Vertical profiles of the time averaged, at-a-point normalised velocity gradient

collected during the March 1995 and February 1996 surveys. The relative
location of each profile is indicated by the schematic above and each profile is
labelled.

Figure 5.45, Vertical profiles of the mean Reynolds stress and downstream and vertical

skewness for the February 1996 survey over a low lee face angled bedform.

Figure 5.46, At-a-depth time series of the instantaneous values of the downstream and

vertical velocity collected over a low angled dune (L/96/LOW1 and
L/96/LOW2).

Figure 5.47, Contour maps of temporal variations in a downstream at-a-point downstream
velocity profile for the low flow survey over a low angled dune (L/96/LOWI
and L/96/LOW2). Flow depth bin sizes are 0.5 m. A colour scale bar is given for

each map. Each time series has been split to fit to page size and successive

profiles splits.are from left to right.

Figure 5.48, Contour map of the temporal variation in the horizontal downstream velocity

gradient for the low flow survey over a low angled dune (L/LOW1/96 and
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L/LOW2/96). Flow depth bin sizes are 0.5 m. a colour scale bar is given for each
map. Each time series has been split to fit to page size and successive profiles

splits are from left to right.

Figure 5.49, Power spectra of the downstream velocity for profile L/96/LOW1 and
L/96/LOW2. The depth of each profile is given on each graph.

Figure 5.50, Bathymetric profiles conducted over a four day period detailing the geometry

of the low angle dune over which at-a-point velocity time series profiling was

carried out. Survey dates are*(a) 25 February at 16:22:22, (b) 26 February at
15:15:42, (c) 27 February at 17:06:23 and (d) 28 February at 15:17:15.

Figure 5.51, Summary diagram of flow over high angled dunes.

Figure 5.52, Summary diagram of flow over low angled dunes.

Chapter 6, Suspended Sediment Transport Associated with Dunes

Figure 6.1, Vertical profiles of mean time averaged at-a-point suspended sediment

concentration conducted at high flow rates. Position along the bedform of each

profile is indicated.

Figure 6.2, Vertical profiles of the at-a-point (a) RMS and (b) skewness of the suspended
scdiment concentration distributions for the August 1994 high flow survey over

the dune trough and dune crest.

Figure 6.3, Vertical profiles of mean time averaged at-a-point suspended sediment

concentration conducted at low flow rates over the high angled dune. Position

along the bedform of each profile is indicated.

Figure 6.4, Vertical profiles of mean time averaged at-a-point suspended sediment
concentration conducted at low flow rates over the high angled dune. Position

along the bedform of each profile is indicated.
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Figure 6.5, Contour maps of downstream variation in suspended scdiment concentration at

(a) high flow, August 1994 and (b) low flow, February 1996. Flow is from right

to left and a colour scale bar is given for each map.

Figure 6.6, Contour maps of temporal variations in downstream sediment flux (uc) from the
high flow August 1994 survey. Profiles were collected over (a) dune trough and
(b) dune crest. Flow is from top to bottom and a scale colour bar is given for

each map. Flow depth bin sizes are 0.5 m.

Figure 6.7, Variation in total reverse flow (upstream) transport percentage with flow depth.

Figure 6.8, Contour maps of suspended sediment fluctuations from the at-a-point time-
averaged mean in relation to quadrant event (u’, v’). All measurements were
made over the dune trough during the high flow survey (August 1994) at depths
of (a) 13.7m, (b) 11.7m, (c) 9.7 m, (d) 7.7 m, (¢) 5.7 m and (f) 3.7 m.

Figure 6.9, Vertically exaggerated dune profile showing the location of profiles used in

Figures 6.8 (H/94/T) and 6.10 (H/94/C).

Figure 6.10, Contour maps of suspended sediment fluctuations from the at-a-point time-
averaged mean in relation to quadrant event (u’, v’). All measurements were

made over the dune crest during the high flow survey (August 1994) at depths of
(a) 3.7m, (b) 5.7m, (¢) 7.7 m and (d) 9.7 m,

Figure 6.11, Summary diagram highlighting the linkages between turbulence and sediment

transport.
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NOTATION

Description

Suspended sand fraction concentration

Chezy coecfficient

Instantaneous suspended sand fraction concentration fluctuation about

a zero mean

Speed of sound

Speed of sound in water

Constant

Flow depth

Distance from the ADCP to the river bed

Depth cell size
Depth cell size, uncorrected

Maximum flow depth

The 50th percentile of the grain size
The 84th percentile of the grain size
The 90th percentile of the grain size
Dimensionless particle diameter
Absorption coefficient

Dune height parameter

Echo amplitude

Doppler frequency shift

Froude number; Fr'= U/gH
frequency

Particle specific gravity
Gravitational acceleration

Dunc height

Step height

Intermittency factor in flow separation
Length

Number of measurements

Power

Distance from ADCP tranducer to depth cell
Maximum depth of good data
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SW Spectral width

SV Water mass volume backscattering strength

St Strouhal number

T Van Rijn’s transport stage parameter

t Time

U Time-averaged mean downstream velocity

Uo Mean downstream velocity upstream of flow scparation
Urwms Root-mean-square of the downstream velocity distribution
Uskew Skewness of the downstream velocity distribution

\' Time-averaged mean vertical velocity

V, Relative velocity between an observer and source

VRMS Root-mean-square of the vertical velocity distribution
Vskew Skewness of the vertical velocity distribution

u Instantaneous downstream velocity

Ue Downstream velocity at flow separation point

Umax Maximum downstream velocity

V Instantaneous vertical velocity

Vmax Maximum vertical velocity

u' Instantaneous downstream velocity fluctuation about a zero mean
V' Instantaneous vertical velocity fluctuation about a zero mean
X Length of flow separation zone

B Shape factor

A Wavelength

As Length of lee side

M Length of stoss side

¢ ADCP beam angle from the vertical

p Density

c Standard deviation

T, Reynolds stress

\% Kinematic viscosity



ADCP
AGC
AWLR
BIWTA
BTM
BWDB
DGPS
EMF
DAS
DHI
DoD
EMF
FAP24
FI
GPR
GPS
HFI
MBM
PWD
RSP
SLW
SPS
SSS
USPB
WGS 84
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ABBREVIATIONS

Acoustic Doppler current profiler

Automatic gain control

Automatic water level recording

Bangladesh Inland Water Transport Authority
Bangladesh Transverse Mercator

Bangladesh Waterways Development Board
Differential global positioning system
Electromagnetic flow meter

Data acquisition system

Danish Hydraulics Institute
USA Department of Defence

Electro-magnetic flow meter

Flood Action Plan 24

Form index

Ground penetrating radar
Global positioning system
Horizontal form index
Moving boat method

Public Works Department
River Survey Project
Standard low water

Standard Positioning Service
Side scan sonar

Upper stage plane bed
World Geodetic System of 1984 (WGS 84).
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Watching clouds is not time wasted for students of turbulence.
(Tennekes, I.T. and Lumley, J.L., 1994).

Everything changes and nothing stays the same.

You can never step into the same river twice.
(Plato).



Chapter 1. Introduction and Background to Study

1.1 The Significance of Dunes

The complex interrelations between flow, sediment transport and bed morphology govern
channel configuration and stability in rivers with erodible beds. In sand bed rivers, the temp:)ral
and spatial variation in flow strength and turbulent fluctuation creates a wide range of sediment
accumulations known as bedforms. Changes in sediment transport rate over sand beds cause the
evolution of different bedform configurations, from lower stage plane bed to ripples, dunes,
upper stage plane beds and antidunes, of which ripples and dunes are the most widespread. It is

now widely accepted that most bedforms generated by sediment transport are produced by
turbulence (Jackson, 1976; Yalin, 1977,1992; Miiller and Gyr, 1982, 1986; McLean et al.,
1994; Bennett and Best, 1995). More specifically, dune bedforms are generally thought to be
produced by turbulence which effects the entire flow column, and hence dunes may be defined
as bedforms that scale with flow depth and have an associated turbulence structure that
interacts with the flow surface. Dunes are therefore created and altered by the turbulent flow
field which, in turn, controls the local sediment transport rate (the bedform 'trinity’, Figure 1.1).
Conversely, the flow is itself influenced by dune bedforms produced by sediment transport
through the production of form drag and significant changes in the local mean flow and
turbulence fields. The consequence of these complex interactions is that neither the local, nor
spatially-averaged, flow can be predicted without a detailed knowledge of the bed geometry,
which in turn is dependant on the detailed characteristics of the near-bed flow field. Many .
authors have noted the complex links and feedbacks between flow, sediment transport and dune
morphology and that these processes should not be studied in isolation (e.g. Allen, 1968;
Leeder, 1983; McLean et al., 1984). However, many numerical studies using linear stability
analysis to investigate the dynamics of dunes (e.g. Richards, 1980; Engelund and Fredsoe,
1982), have partially or fully ignored the interdependency between the elements of the bedform
trinity and are therefore limited in their applicability to understanding the hydraulics and
stability of bedforms. Furthermore, many flume studies of dune dynamics have neglected the
effect of sediment transport which will influence both bedform morphology and fluid

turbulence (e.g. Lyn, 1992; Nelson e? al., 1993; Bennett and Best, 1995).

Dune bedforms have been studied for many years as they play a key role in many aspects of
engineering hydraulics and fluvial sedimentology, consequently dunes have been studied by

workers from various different disciplines. Sedimentologists’ interest in modern dunes stems
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from the requircment of using ancient bedforms to reconstruct palaeo-environments and hence
enable them to infer, for example, directions of river channels, channel depths, current speeds,
temporal variation in currents and enable prediction of the architecture of ancient fluvial
deposits which may form hydrocarbon and water reservoirs. Dunes also play a pivotal role in
causing flow resistance, influencing local scour depths, and altering bedload transport rates.
Hence, to the hydraulic engineer, prediction of dune occurrence and morphology is of great
importance when planning well constrained sampling and measurement programmes (e.g.
Klaassen et al., 1988; Lukanda et al., 1992; Peters, 1993) when determining, for example,
locations for bridge building or in evaluating navigation routes. To the geomorphologist, the
role of dunes in the growth of larger channel-scale features such as bars is of particular interest,
River bed morphology, channel change, bank erosion and channel incision may all be affected
by the growth and migration of dunes. In developing countries such as Bangladesh,
understanding alluvial channel behaviour is of especial importance as rivers are one of the
major transport routcs and hence have a great effect on commerce. Further development of
Bangladesh is involving the establishment of an extended infrastructure system including the
implementation of large schemes such as bridge construction over the Jamuna river, bank
protection schemes and land reclamation projects. Dunes bedforms are therefore a widely
studicd phenomenon which may have great impact not only on the form of the natural

environment but also in humans terms due to their influence on large river systems and the
dynamics of flooding. An understanding of dune bedform occurrence, morphology and

intcraction with flow structure will therefore aid precise prediction of scour, bank erosion and

channcl depth.
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Figure 1.1, The bedform 'trinity' diagram showing the interactions and feedbacks between flow,

scdiment transport and bedform development. (modified after Leeder, 1983; Best, 1993).



1.2 The Stability of Dunes

The role of turbulence structure in dune development and stability has been noted for many
years (e.g. Znamenskaya, 1964; Jackson, 1976; Yalin, 1977). Macro-turbulent structures which
are visable at the flow surface representing slowly rotating, upward tilting vortices arc termed
‘kolks’ (Mathes, 1947) or boils (Jackson, 1976) and have been suggested to play an important
function in entraining and transporting sediment (Rood and Hickin, 1989; Kostaschuk and
Church, 1993). The origin of these coherent turbulent structures was thought to be related to the
processes of turbulence generation over flat beds (Jackson, 1976; Yalin, 1977). However, more
recent work has suggested that the origin of these turbulent structures may be related to eddy
shedding from the shear layer created by the process of flow separation at the dune crest
(Miiller and Gyr, 1982; Bennett and Best, 1995). The process of flow reattachment downstream
of the dune crest has also been suggested to play a fundamental role in dune stability (Nelson ef
al., 1995). However, several field studies have documented an absence of flow separation in the
lee side of dunes where the lee face angle is low (Smith and McLean, 1977; Kostaschuk and
llersich, 1993), so the mechanisms of eddy shedding in the absence of a shear layer is still a
matter of some contention. Although these studies, and many others, have led to important
advances in the theory of the hydraulic stability of dunes, many big questions remain
unanswered: (i) the nature of the links between turbulence structure and sediment suspension
mechanisms, (ii) the effects on dune stability of changes in scale between laboratory
experiments (e.g. McLean et al.,, 1994; Bennett and Best, 1995; Nelson et al., 1995) and
alluvial dunes which form in deep flows and may reach over 10 m in height (Ashley, 1990),
(i11) the effects of non-uniformity in dune geometry on flow and turbulence over dunes.
Although much research investigating dune morphology and dynamics has been conducted
under laboratory conditions (e.g. Mendoza and Shen, 1990; Nelson et al., 1993; McLean et al.,
1994; Bennett and Best, 1995; Nelson et al., 1995), there is a paucity of data from alluvial
environments which is primarily a result of difficulties in monitoring bedforms in alluvial

channels. Previous studies detailing dune occurrence have stated that dunes are ubiquitous (e.g.

Ashley, 1990) while others have stated that at high flow stages dunes may wash out as upper
stage plane bed conditions become increasingly common (e.g. Klaassen, 1988). Although
variation in dune morphology with flow stage has frequently been referred to in the literature,
very little data exists that quantifies the change in dunc morphology with respect to mean
hydraulic conditions. It is clear that further work is needed to characterise the naturc of dune
related turbulence and also to quantify dune morphology at different flow stages in large rivers.

Moreover, the complex linkages between dune morphology, flow and sediment transport In a

field situation require much additional study.
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1.3 Aims and Objectives of Research

The aims of this thesis arc to describe the occurrence, distribution and morphology of dune
bedforms in large, dynamic sand-bed braided rivers and quantify the mean flow and turbulence
structure present over large alluvial dunes. The mechanisms that control alluvial dune dynamics
and stability will also be characterised. More specifically, four rescarch objectives will be

addressed:

l. To asscss the spatial and temporal variation in dunc occurrence in the main rivers of

Bangladesh in order to examine the significance of dune bedforms in a large sand bed river.

2. To quantify dune morphology in terms of height, wavelength, shape and lee slope and to

appraisc the variation in morphology with changes in mean hydraulic conditions. These data
can then be utiliscd to test the model of van Rijn (1984b, 1993) that predicts dune

morphology as a function of flow conditions.

3. To quantify the mecan flow and turbulence ficlds present over dunes in order to assess the

cffect of changes in scale in the flow processes acting over large alluvial dunes compared to

flow over dunc bedforms in laboratory flumes.

4. To compare the flow field present over dunes with high and low-angled lee faces in order to

test whether flow separation occurs over dunes with different morphology.

1.4 The Jamuna river

The Jamuna river is onc of the three major rivers that drain the low-lying deltaic floodplain of
Bangladesh (Figure 1.2). The source of the Jamuna river is in the Tibetan plateau on the north
slope of the Himalayas, it then flows through China, Bhutan and India before entering
Bangladesh and continuing south before joining the Ganges after which it becomes the Padma,
The Padma then flows south east for about 100 km before meeting the Meghna River and
cventually discharging into the Bay of Bengal. The Jamuna, which is named the Brahmaputra
upstrcam of an offitake called the Old Brahmaputra (Figure 1.2), has a total length of 2840 km
although only 230 km of this flows within Bangladesh (Klaassen and Vermeer, 1988). The Old
Brahmaputra runs south eastwards and was the main channel up to the late 18th century when a

major avulsion caused the Brahmaputra to switch to its present day course (Coleman, 1969,
Thorne et al., 1993). The main Bangladeshi rivers have a total catchment arca of 16 million

km? and 93% of the Jamuna catchment arca (of approximately 550 000 kmz) lies outside
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Bangladesh (Sarker, 1996). The peak discharge of the Jamuna at Bahadurabad (sce Figure 1.2)
is approximately 69 000 m3s", with a maximum of 100 000 m’s™' (Delft Hydraulics and DHI,
1996a) recorded during the 1988 flood. Estimates of total sediment load in the Jamuna range
between 500 and 725 million tons per year (Coleman, 1969; Thorne et al., 1993; Schumm and
Winkley, 1994). The main rivers of Bangladesh have a combined annual sediment load of 2000
million tons, which is the third highest alluvial sediment discharge in the world (Schumm and
Winkley, 1994). Discharge in the Jamuna is highly variable with variations in onc year ranging
from 4000 m’s™ to 68 000 m®s™! associated with changes in flow stage related to the monsoonal
climate combined with snow melt in the Himalayas. The large variable discharge and high
sediment load cause the Bangladeshi rivers to be extremely unstable and hence rapid lateral
channel migration is common (Coleman, 1969). Bank erosion rates of 1 km per year (Hossain,
1993) and bed scour of up to 40 m can occur (Best and Ashworth, 1997). The Jamuna is a multi
channel system with an overall braided appearance (Coleman, 1969; Bristow, 1993) with
braidbelt width varying both spatially and temporally from 6 km to 14 km. The channel pattern
has previously been described as both braided and anastamosed as meta-stable vegetated
islands are present (named ‘chars’ in Bangladesh), which are inundated only during the largest
flood events (Bristow, 1987; Thorne et al, 1993; Ashworth et al., in review). General
descriptions of channel patterns and processes from the Bangladeshi rivers may be found in
Coleman (1969); Bristow (1987); Klaassen and Vermeer (1988); Burger et al. (1988); Thorne
et al. (1993). Average bed grain size (as measured at Bahadurabad, Figure 1.2) is fine sand (Dsp
= 0.14 mm) with less than 1 % clay (Delft Hydraulics and DHI, 1996¢) and over 70 % of the
grains either quartz or mica. Water surface slope in the Bahadurabad region ranges between
0.000055 and 0.000091.
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Figure 1.2, Location map showing the main rivers in Bangladesh and the location of survey

areas Bahadurabad, Sirajganj and Bhairab Bazar.

1.5 Flooding in Bangladesh

The high sediment discharge of the main rivers of Bangladesh has created the largest sub-aerial
delta in the world, as well as an even larger subaqueous delta and fan sequence in the Bay of
Bengal (Curray and Moore, 1971), and hence the highest point in Bangladesh is a mere 60 m
above sea level. The low lying topography and high monsoonal rainfall combine to make
Bangladesh one of the most flood-prone areas worldwide. Flooding is therefore an annual event
in Bangladesh with over 20 % of the land mass being inundated each year. Monsoonal rainfall
occurs between May and September and the Jamuna river usually peaks in late July or early
August which is somewhat earlier than the Ganges where maximum discharge occurs in late

August to early September. However, on occasions when the Jamuna peaks later than usual and
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coincides with the Ganges, catastrophic flooding may occur Icading to much morc cxtensive

inundation and damage.

The two most severe flood events in Bangladesh in recent history occurred during 1987 and
1988, both causing chaos and devastation throughout the country. During 1987, flooding
occurred from June to September, 40% of the country was submerged and the estimated cost to
repair damage caused by the flood waters was £50 million. In the worst affected regions, flood

waters remained for up to 58 days.

The flood of 1987 however was dwarfed by that occurring during 1988 which was the worst on
record, flood waters exceeded maximum recordable water level measurcments at 10 (out of 34)
water level recording stations (Miah, 1988). An estimated 84% of the country was inundated
and floods lasted from May to mid-September. Damage estimated at over £225 million
occurred with 3000 km of roads, 630 km of railways, 46 railway bridges and 35 km of
embankment being washed away and approximately 2700 schools destroyed (Miah, 1988). 4.93
million acres of crops were ruined and partial damage was caused to 6500 km of road, 8400

schools, and 680 km of embankment.

The suffering caused by flooding on this scale and in a developing country such as Bangladesh
is amplified by the high population density and subsistence agricultural practices exercised by a
large proportion of the population. An estimated one million lives were lost during the 1988
flood, most of which were associated with disease (such as typhoid, malaria, dysentery and
cholera) which is a common consequence of flooding on this scale. To date (August) during the

1998 monsoon season, 368 people have died as a result of flooding which is minor compared to

that occurring during 1987 and 1988.

1.6 Bangladesh Flood Action Plan

All field work in this thesis has been undertaken with the assistance of the River Survey Project
(RSP), Bangladesh Flood Action Plan (FAP) number 24. FAP was sct up in response to the
1987 and 1988 floods in Bangladesh which attracted much interest from the international
community in supporting Bangladesh to find long-term solutions for the flooding problem.
FAP24 RSP, which was financed by the European Union (formerly the European Community),
and 1s one of 26 FAP projects implemented by the Flood Action Co-ordination Organisation
(FPCO) under the Ministry of Irrigation, Water Development and Flood Protection. FPCO
merged with the Water Resources Planning organisation (WARPO) in 1995 under the same
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ministry at which time WARPO took over the project exccution. FAP’s remit is to co-ordinate
a large scale study into river processcs, flooding and response to flooding in the main rivers of

Bangladesh. FAP projects include flood management modelling (FAP2S), Jamuna river bank
protection and river training (FAP21 and 22), flood forccasting and early warning (FAP10),
Meghna river bank protection studies (FAP9b) and a management study of the southwest area

water resources (FAP4).

The consultancy group of FAP24 RSP is headed by Delft Hydraulics and the Danish Hydraulics
Institute, with Osiris as an expatriate contractor and Hydroland and Approtech as local
contractors. Hydraulic surveying was conducted between November 1993 and February 1996,

and final reports were completed in October 1996 (Delft Hydraulics and DHI, 1996b).

The River Survey Project’s main objectives (from FPCO, RSP technical proposal, 1991) are

listed below:
e to collect reliable all-scason data on the hydrological, morphological and hydrographic
processes at key locations on the country’s main river systems with emphasis given to the

collcction of data during the monsoon scason and to introduce improved or new technology

where appropriate;

e to undertake special studies regarding the behaviour of the river system based on the new
surveys that arc carried out, and existing data and studies relevant to this objective;

* to provide spccialiscd on-the-job training to Bangladeshi professional staff and employees
of the Bangladesh Inland Water Transport Authority (BIWTA) and other local consultants
in the ficlds of river surveys and river studics so that they can continue data collection
programs in the long term and hence to upgrade the capability of Bangladesh for river

hydrological and morphological data collection and study programs;

e to provide benchmarks against which to assess changes in the river morphology and

hydrology.

Comprchensive data on the hydro-morphological characteristics of the main rivers of
Bangladesh are scarce due to both the size of the rivers and their instability. The extremely high
rates of bank crosion and channel change within the Bangladeshi rivers require a tremendous
survey capacity to ensure accurate monitoring. A sccond problem in monitoring the
Bangladcshi river system is the extreme climatic variation duc to annual monsoonal wet season
flooding which causes inherent difficulties in hydraulic surveying. Flood conditions render

surveying more difficult duc to large water depths, high current velocities and high sediment

discharge, but also posc logistical constraints due to problems with communications, power
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supply and transport. Finally, planning well constrained sampling and mecasurement programs
in Bangladesh is problematic due to the inaccessibility of large parts of the country and lack of
infrastructure. The data collection for this thesis would therefore have been impossible, in
terms of both logistics and techniques, without the assistance and support of such a large, well

equipped and organised project as the RSP (FAP24).

This thesis is based on field work undertaken as part of a subcontract between the University of
Leeds and the RSP (FAP24) concerning bedform dynamics (spccial study topic 6). Four ficld
seasons were completed covering a period of approximately 6 months. Additionally, a further
joint project was conducted to study bar dynamics (special study topic 7), for further details sce
Ashworth et al. (in review) and Best et al. (in review). A main final rcport from the FAP24
RSP 1s available which contains a summary of the background to the project, a short overview
of the activities within each survey component and overall recommendations of the study (Delft
Hydraulics and DHI, 1996a). The joint University of Leeds and RSP study topics are detailed in

Special Report no. 9. Details of RSP (FAP24) survey equipment and methodology arc
described in Chapter 3.
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1.7 Theslis Structure

The aims of this thesis are to present data from the main Bangladeshi rivers detailing the
occurrence, morphology and flow characteristics of alluvial dune bedforms. These data will be

uscd to construct a conceptual model to interpret the processes and mechanisms governing
dunc stability in large sand bed rivers. An outline of the structure of this thesis and a synopsis

of cach chapter is presented below.

Chapter 2 describes the factors influencing dune stability, occurrence and morphology from

previous studies. The chapter will broadly outline the current understanding of dune mechanics.

Chapter 3 provides details of the methodology of data collection used in this thesis. Techniques

and instrumentation used during river surveying will be described along with data processing

procedurcs and crror analysis.

Chapter 4 quantifies dunc occurrence and morphology from three survey sites in the Jamuna
from November 1993 to November 1995. These data will be used to test previous models that

predict bedform dimensions and flow resistance factors.

Chapter § describes the mean flow and turbulence ficlds acting over dunes at both high and
low flow stage. The variations in the flow ficld over high and low lee face angled dunes will be
cxamincd. Thesc data will be used to construct models of flow over dunes with steeply and

gently dipping lee faces under varying mean flow conditions.

Chapter 6 investigates suspended sediment transport at low and high flow stages. Sediment
suspension will be examined in relation to the mean flow and turbulence fields detailed in
Chapter 5. This chapter aims to link quantitatively suspended sediment transport and turbulence

structure and therefore explore the stability of duncs.

Chapter 7 will synthesise the findings from Chapters 4, 5 and 6 and discuss the processes

which govern the stability of bedforms in large sand bed rivers. The scope for future research

will also be outlined.
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Chapter 2. The Morphology and Dynamics of Dunes

2.1 Introduction

Chapter one has introduced the concept that the development of dunes on an crodible bed

involves the complex interactions between flow, sediment transport and bed morphology
(the bedform 'trinity’, Figure 1.1). This Chapter reviews previous work dct;iling the
morphology and flow dynamics of dune bedforms and will discuss the factors which control
dune stability. In particular, the processes which control the development of duncs, as
opposed to other alluvial bed features such as ripples and upper stage plane bed, will be
discussed. Firstly however, the term 'dune’ will be defined along with the parameters widely

used to classify and describe dune bedforms.

2.2 Dune Classification

Researchers from many different disciplines (e.g. engineers, physical geographers,
geologists and oceanographers as well as many different environments (e.g. numerical and
physical modelling, modern and ancient fluvial, intertidal and subtidal) have conducted
studies on the morphology, hydrodynamic controls and internal structurc of bedforms (sce
Chapter 1). This has lead to several different terms such as dune, megaripple (c.g. Coleman,
1969; Aliotta and Perillo, 1987) and sandwave (e.g. Karahan and Peterson, 1980) being used
to describe bedforms that scale with flow depth and which have an associated turbulence
structure that interacts with the water surface. However, as these bed perturbations arc
commonly believed to have a collective formative process distinct from those that form
other bed configurations such as ripples (Yalin, 1964; Allen, 1968; Kenncdy, 1969 and

many others), the term dune is now widely accepted to describe a bedform that scales with

flow depth (Ashley, 1990).

A schematic cross-section of a dune is given in Figure 2.1 which illustrates,the parameters
most commonly used to describe dune morphology, of which dune height (the vertical
distance between the maximum and minimum elevation) and dune wavelength (the distance
between the downstream end of the lee face and the upstream end of the stoss face) arc the
most two most widely used forms. The point of maximum elevation (crest, Figure 2.1) has

been noted to frequently lie upstream of the top or brinkpoint of the lee face (Allen, 1968).
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Figure 2.1, Schematic illustrating the descriptive morphological parameters of dunes in

profile.

Extensive rescarch has been undertaken to define existence fields of the types of bedforms
which may result from scdiment transport, namely: lower stage plane bed, ripples, dunes,
upper stage planc beds and antidunes (e.g. Guy et al., 1966; Allen, 1982; Leeder, 1983;
Southard and Boguchwal, 1990). Many of these studies relate bedform type to flow force
(boundary shear stress) or stream power to grain size or grain Reynolds number and an
example of a bedform phasc diagram is given in Figure 2.2. Although much earlier work
concentrated on sand-grade material, more recent studies have examined bedform existence
ficlds in gravel (Dinchart, 1989; Carling, 1998) and mixed sand-gravel sediments (Wilock
and Southard, 1989; Wilock, 1992). The cxclusion of gravel-sized sediment from earlier
examples of bedform phasc diagrams may have stemmed from the lack of laboratory and
ficld data detailing the occurrence and stability of gravel dunes (Carling, 1998). However,
as both flow processes and scdiment transport characteristics have parallels between
different grain sizes, the extension of bedform phase diagrams to encompass a greater range
of grain sizcs is appropriatc (Best, 1996). The applicability of bedform phase diagrams to
duncs forming in deep alluvial flows has recently been discussed by Kostaschuk and Villard
(1996), where dune bedforms in the Fraser River arc shown to fall into either upper stage
planc bed or antidune stability ficlds using the phase diagrams of Ashley (1990), Leeder
(1983) and Dingham (1984). The inapplicability of many bedform phase diagrams for
predicting dunc occurrence in deep natural flows may be because much of the data used to

construct phasc diagrams have commonly been recorded from flume studics where flow



13

depths are much lower (Kostaschuk and Villard, 1996; van den Berg and van Gelder, 1998).
Although bedform phase diagrams may be a uscful tool for predicting bedform stability in

some environments, further work may be nceded to extend their usage to greater varicty of

environments and grain sizes.
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Figure 2.2, Bedform existence field defined by mean sediment size and mcan flow velocity,
extended to encompass grain sizes up to ~ 33 m. Southard and Boguchwal’s original data
were for mean flow depth of 0.25 to 0.4 m at a temperature of 10°¢. The extended datasct of
Carling (1998) are not temperature adjusted but are consistent with the proposed existence
fields. Approximate depth isolines (e.g. h = 0.1) are for antidunes coarser than 6 mm and do

not apply to dune data. (from Carling, 1998, extended from Southard and Boguchwal,
1990).

Unlike dune bedforms, ripples do not scale with flow depth and do not interact with the
outer flow region. Ripples, which form in scdiment of up to 0.7 mm in diameter, arc widely
believed to grow from turbulence-produced bed defects by the action of flow separation and
reattachment (Raudkivi, 1963; Allen, 1968; Karahan and Peterson, 1980), for further
reviews see Leeder (1983) and Best (1993, 1995). Ripples are termed 'micro’ turbulent
bedforms as flow separation over ripples, which is intrinsic for ripple stability, does not
interact with the outer flow structure. Dune initiation is thought to occur when a bedform of

sufficient size occurs that will trigger the development of macroturbulence and hence
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significantly alter the entire flow field. The production of a bedform of a size large enough
to cffect the entire flow field has been postulated to involve the production of a 'rogue’
ripple (Leeder, 1983) or ripple amalgamation (Costello, 1974). Thus, ripple amalgamation
(or the production of a 'roguc’ ripple) will act to increase turbulence associated with the
bedform which may lead to an increase in scour in the dune trough thereby enhancing the
scdiment transport rate. In scdiments coarser than 0.7 mm, increasing bed shear stress will
cause transformation from lower plane bed to bedforms which arc initially irregular in
shape. These bedforms are two-dimensional dunes (originally termed bars by Costello,

and
1974)'!1avc been interpreted to represent distinct bedforms (Costello, 1974) or transitional

dunes (Allen, 1983; Ashlcy, 1990). Costello and Southard (1980) have shown that two-
dimensional dunes are generally lower in height than three-dimensional dunes and are more

irrcgular in wavelength. The smaller height of a two-dimensional dune will result in a less
cflcctive flow separation than that occurring over three-dimensional dunes and hence trough
scour will be smaller for two-dimensional dunes. However, as dimensionality of small scale

bedforms has been shown to increase with time, it may be that such two-dimensional

bedforms are transitional dunes and will eventually evolve into three-dimensional dunes. At
increasingly high bed shear stresses dunegprogressively decrease in height due to intense
scdiment transport rates until upper stage plane bed results (e.g. Saunderson and Lockett,
1983; Figure 2.2). The sections that follow will discuss the morphological parameters used

to describe dunes and fluid flow and turbulence over dunes.
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2.3 Dune Morphology

2.3.1 Controls on Dune Morphology and Stability

The morphology and stability of duncs is a complex function of scveral variables including:
applied bed shear stress and grain size (see Figure 2.2), flow depth, Froude number,
occurrence of suspended sediment, generation time (maturity), flow unstcadiness and
bedform response to changing flow conditions (e.g. Yalin, 1964; Allen, 1980). Thesc topics
will be described below and are further reviewed in Allen (1982), Southard and Boguchwal
(1990) and Best (1996). Water temperature and sediment availability have also been
suggested to influence dune morphology (Southard and Boguchwal, 1990; Dalrymple and
Rhodes, 1995), although these effects may be minimal. In addition to these quasti
deterministic controls on dune size, it should be noted that dunes exhibit appreciable
stochastic variability even under steady equilibrium conditions. Nordin (1971), for example,

found that the standard deviation of dune wavelength averaged 59% of the mean value while
the standard deviation of the height averaged 52% of the mean. Several reasons exist for this
variability:

1) the presence of both young and mature bedforms in an area

2) the inherent three dimensionally of dunes which causes variation in height and
wavelength along a single crest line

3) the slightly different flow conditions an individual dune experiences because of the three
dimensionality of its neighbours

Dune morphology may alter rapidly as it adjusts to variable flow conditions and processes
of growth, attenuation and destruction (Gabel, 1993). This variability mcans that dunc sizcs,

under given flow conditions, should be studied per population rather than per individual

dune.

2.3.2 Dunes in Planform

Dunes have previously been described in terms of their planform and cross-sectional
morphology, size and the presence (or absence) of superimposed bedforms. In planform,
dunes have been frequently been split into two groups; two-dimensional forms which were
conjectured to occur at low flow speeds and three-dimensional forms which were suggested

to occur at higher speeds for a given grain size (Costello and Southward, 1981; Middleton

and Southard, 1986) and hence the plan shape of dunes has been suggested to alter in a
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predictable manner with flow speed (Southard and Boguchwal, 1990). However, more
recent work has shown that the formation time of small scale bedforms may be a more

important factor in governing dune geometry (c.g. Baas, 1994). The two forms are

distinguished between by their gcometry: two-dimensional forms can be described by one
transcct parallel to the mean flow direction whereas three-dimensional forms must also be
described in a flow transverse dircction. In addition, three-dimensional forms may also be
characterised by scour pits and curved lee faces (Dalrymple et al., 1978). Two-dimensional
dunes have nearly straight crests and lee faces with a uniform height along their length as
there are no scour pits present, whereas three-dimensional dunes are sinuous and irregularity
of the troughline elevation is more pronounced (Ashley, 1990). As with any classification of
this type, distinguishing bctween the two types of dunes in many cases can be difficult, as
few dunes in nature are truly two-dimensional. The lee face of three-dimensional dunes
consists of alternating lunate segments (lobes) up current of each scour pit and more sharply

curved linguoid segments (saddles) which are fronted by a current parallel spur. These spurs

may be parallel or oblique to the current direction depending on the relative bedform

orientation. Even in strongly three-dimensional dunes, the elevation of the crest line is

usually relatively uniform with almost all of the three-dimensionality occurring within the
trough. Three-dimensional forms are the most widely developed types of dunes, especially
in the small and medium classes. It has previously been indicated that as dune size
Increases, three-dimensional forms become increasingly uncommon (Fenster et al., 1990,
Dalrymple and Rhodcs, 1995), however this scems unlikely as the more recent work of Baas
(1994) has shown that generation time is a more important control on dune dimensionality.
The studies of Dalrymple and Rhodes (1995) and Fenster et al. (1990) also indicated that
current speeds may rarely be high enough in the deeper flows to generate three dimensional

duncs, but it may also be that the complications which are inherent in monitoring deep flows

have made observation of large three dimensional dunes more difficult,

The only quantitative attempt to relate dune morphology and flow characteristics was by

Allen (1977). Allen (1977) found that the ratio of bedform wavelength () to the flow-

transverse spacing (S) of saddles and spurs was given by:

AS = 5.85 (Fr h/d)0.412 (1+d/w)1.71 equation 2.1
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Where Fr is the Froude number (Fr = YUg/h), h is the dune height, d is the flow depth and w
is the flow width. This implies that more three-dimensional bedforms occur in flows witha
higher Froude number. However, this relationship was formulated entirely on the basis of
current ripple data and its application to dunes has not been tested. Also, bedform

generation time, which has been shown to greatly effect bedform morphology, 1s not

considered using equation 2.1.

The significance in distinguishing between two dimensional and three dimensional duncs is

of great importance for dune classification and cross bedding gcometry, but there has been
little work to quantify the dividing line. Rhodes (1992) estimated the three dimensionality
of dunes by measuring the variation in height of the trough line along the length of dunes n

the Bay of Fundy and expressed this in terms of the coefficient of variation (standard
deviation / mean), an increase in the height variability showing an increase in

dimensionality. Another area that has been little studied is the lateral continuity of dunes. It
is generally believed that the crestlines of 2D dunes are continuous for considerable
distances, whereas 3D dune crests are less so (Dalrymple and Rhodes, 1995), but there is
little quantitative data to support this belief. Dalrymple (1984) measured a mean horizontal
form index (HFI, which is the flow transverse span divided by wavelength) of 10 (with a
maximum of 18) for 2D estuarine dunes, and Langhorne (1973) reported 2D estuarine crest

lines with continuous extent of 1700 m, but 3D estuarine dunes also show a strong

continuity.

2.3.3 Dunes in Profile

One of the most frequently used terms to describe dune profile shape is the form index (FI)

which is dune wavelength divided by dune height, and is also referred to as the ripple index

and the steepness index. Dune height and wavelength have been shown by many authors to
be positively correlated but with a wide scatter (Figure 2.3). This trend is not parallel to the
lines of equal FI and dunes tend to become flatter as they become larger. Small to medium
dunes (wavelength < 10 m) have a FI <30 whereas very large dunes (wavelength > 100 m)

have a FI > 30. As dune size alters with flow conditions so must the ripple index. It has been

observed that dunes with higher FI characterise conditions near the limits of the dune

stability field whereas steeper dunes (lower FI) characterise the core of the dune field. The

minimum value of the FI decreases as water depth increases, a trend that appears to
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contradict the obscrved tendency for larger duncs to have flatter profiles. This may be due to
the fact that it becomes increasingly difficult to maintain flow velocities much above the
lower limit of the dune stability field. Also, in environments where sediment supply is
limited, large duncs may commonly be sediment starved and hence their height could be

limited producing higher than expected form index values.
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Figure 2.3, Plot of bedform height and wavelength for ripples and dunes. Both bedforms
show a similar form but there is a gap between the two populations at approximately 0.8 m

wavelength (from Ashley, 1990).

Duncs have most frequently been described as asymmetric in cross section with their shorter

lce side being much steeper than their longer stoss. The exact shape and inclination depends

on.

1) the size of the dunc relative to the sediment transport rate

2) the oricntation of the dunc relative to the net transport dircction (obliquity)

3) the presence or absence of superimposed duncs

4) dunc maturity

The lee side slope angle is belicved to reach a maximum near to or at the angle of repose
(which is a function of grain size), however natural examples of dune lee face angle are

often much less than this. The stoss side slope is commonly convex up and in the order of 2-
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5°. If the flow approaches the upper limit of dune stability, the planing off of the crest
produces a crestal platform which is either level or slopes gently downstream. Howevecr,
more recent studies have shown that low lce face angled dune which arc symmetric in cross-

section may be common in some deep flows under high flow conditions where suspended

sediment transport is dominant (Kostaschuk and llersich, 1995).

2.3.4 Current Speed

Flow strength, measured as either current speed or bed shear stress has a complex influence
on bedform size. Other factors being constant, dune height increases as the mean current
speed increases from the lower boundary of the dune stability field, reaching a maximum
value in the central portion of the dune field before decreasing as the velocity or shear stress
approaches the onset of the upper plane bed or antidune conditions (Figure 2.2; Allen,
1982). The initial increase in dune height is generally attributed to increased erosion in the
trough due to an increase in the intensity of turbulence where separated flow reattaches to be
bed (reattachment point) and also an increase in the strength of the flow reversals in the
flow separation region increases (Costello and Southard, 1981). The decrease in height near
the upper flow regime boundary is thought to be due to an increase in the amount of
sediment in suspension and a washing out or planing off of the dunc crest (Allen and
Leeder, 1980). The effect of current speed on dune wavelength has not been systematically
investigated, although it has been noted that wavelength decrcases with increasing current
velocity in the transition from two-dimensional to three-dimensional (Dalrymple et al.,
1978, Costello and Southard, 1981). The decrease in dune wavelength may be related to
changes in the position of flow reattachment. However, the synthesis presented by Southard

and Boguchwal (1990) indicates that wavelength increascs steadily as velocity increascs.

2.3.5 Flow Deptls

Tabulations of height and wavelength clearly show that dune size increases with water depth
(e.g. Ailen, 1968; Ashley, 1990; Southard and Boguchwal, 1990). There is, however, a large
scatter in the flow depth to dune height relationship which is attributable to other
deterministic and stochastic factors which influence dune size. It has been suggested by
Yalin (1964,1977) using theory and empirical observation, that (maximum) wavcelength is

approximately six times water depth while (maximum) height is approximately 17% of the

water depth:
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A=6d,h=0.167d equation 2.2

where A is wavelength, h is height and d is flow depth. These approximations only apply to
the largest dunes present in a given area and hence give an approximation to the upper

bounds on dune height and wavelength (Yalin, 1964).

2.3.6 Other Factors Influencing Dune Formation and Size

As mentioned above, the correct combinations (within the dune stability field) of flow

depth, current speed and sediment size are necessary for the formation of dunes but are not
always sufficient as several other factors can influence dune occurrence.

1) Enough cohcsionless sediment - the presence of a small amount of sand on the hard
substrate may not permit formation of dunes (Aliotta and Perillo, 1987). Availability of
scdiment will also affect dune size: a rigid substrate will prevent erosion in¥oughs so
decreasing ceffective height and such dunes are said to be starved.

2) The presence of a binding agent such as silt or clay-sized material may prevent dune
formation. This is most important in areas of relatively low current speed (Bouma et al.,
1980).

3) Water temperaturce which may influence on viscosity can affect initial dune formation as
well as dune height (Southard and Boguchwal, 1990). Decrease in water temperature leads
to a corresponding decrease in dune height, although this effect is probably minimal.

4) the presence of suspended scdiment in water has been shown to increase the current

speed at which sediment begins to be transported (Best and Leeder, 1993). The affect of

suspended sediment on the ripple dune boundary has not yet been investigated but may well

also influcnce this threshold.

2.3.7 Dune Migration and Superimposition

Dunc migration rates have been reported for both tidal (e.g. Dalrymple, 1984) and fluvial
(c.g. Kostaschuk et al., 1989) environments. Values of 40 m/day are not uncommon in
fluvial environments. In tidal areas migration rates are much lower (100 m/year) due to
periods of no motion near slack water and reversed migration during subordinate tides. A

considerable variation in migration rates is common in areas with relatively uniform dune

morphology (Aliotta and Perillo, 1987). This has bcen referred to as 'flexing’ of the dune
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crestline. Some of this variability is probably caused by the random behaviour but may also
be related to changes in height along the crestline. Bedform orientation is also influenced by

differences in forward migration speed in adjacent parts of the dune crest.

Dune migration rates have been frequently used to estimate bedload transport rates.
However, if the bed material is composed of fine sands much of the load may be carried in
suspension and hence using dune migration rates to calculate bedload sediment transport
may be suspect (Van den Berg, 1987; Soulsby et al., 1991; Kostaschuk and llersich, 1995;
Mohrig and Smith, 1996). A percentage of the suspended load may be deposited in dune
troughs and hence contribute to the lee side accumulation. Also, suspension of bedload in
turbulent eddies has been frequently noted along with direct bedload transport

measurements. Temporal variation in bedload transport rates at a variety of time scales may

be associated with the migration of dunes (Gomez et al., 1989).

The superimposition of smaller dunes on the stoss and lee side of larger ones is widespread
in many environments. This is believed to represent a quasi-equilibrium supcrimposition
related to the development of an internal boundary layer on the stoss side of larger dunes
(Smith and McLean, 1977). For this process to operate, the larger form must be long enough
to allow development of the internal boundary layer. The minimum length has been
calculated by regarding the lower limit on compound dunes that the minimum wavelength s
approximately 8-10 m (Dalrymple, 1984) but this of course in dependant on water depth and
bed shear stress. Because the internal boundary layer thickens as the near bed current
accelerates up the larger stoss side, a progressive change in the size and shape in the
superimposed dunes should be expected between the trough and the crest of the main dune.
Dalrymple (1984) for example has noted an increase in wavelength of the superimposed
dunes towards the crest of the main dune, and a progression from 2d to 3d towards the crest,

although the variation in dimensionality may in fact be related to the maturity of the

superimposed bedforms rather than a change in current speed. A decreasing size of
superimposed dunes towards the main dune crest has been noted by some authors. Possible
reasons are:

1) very high current speeds at the crest may form dunes in to the upper half of the dune
stability field where height, but not wavelength, is expected to decrease, However, the

wavelength of the superimposed dunes decrease with height so this explanation is unlikely.
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2) Scediment grain size commonly increascs in size towards the crest of large dunes. This

would mean that flow conditions at the crest may be closer to the lower limit of the dune
stability field than in the finer sand below.

3) The smalHﬂcrestal dunes may have formed later and under slower flow conditions than
{ox

that which kthc larger duncs superimposcd lower on the stoss side of the main dune. Such a
slower flow may only have been capable of remoulding the crestal part of the main dune,

lcaving the supcrimposed dunes in the trough largely unaltered. The lag between the smaller
dunes and flow conditions would be smaller than that between the larger forms and flow

conditions. Crestal supcrimposed dunes are obscrved to change their size, shape and

distribution markedly over short time periods.

2.4 Flow over Dunes

2.4.1 Introduction to flow over dunes

The flow ficld over dunes has frequently been described in the literature (e.g. Raudkivi,
1966; Milller and Gyr, 1982; McLcan and Smith, 1986) and has typically been divided into
five scctions. The greatest downstream velocities occur just before and at the dune crest
where there is an area of topographically induced accelerated and converging flow (section

onc). Downstrcam of the crest there is a zone of flow separation and expansion with a

characteristic recirculation pattern which occurs duce to the asymmetry of the bedform
(scction two). Overlying the separation cell and its associated shear layer is a decelerated
wake region (scction threce), and above the wake region is an outer, near-surface region
(scction four). Finally, there is the downstream growth of a new internal boundary layer

originating at the flow reattachment (scction five).

The formation of a flow reversal zone (section two) in the dune trough due to flow
scparation at the dunc brink point, creates a zone of high shear (due to the different mean
velocities of the bounding layers) with very high Reynolds stress which is located
approximatcly at the level of the upstrecam crest. Consequently, high turbulence intensities
and Reynolds stresses arc associated with the separation zone free shear layer (Raudkivi,
1966; Rifai and Smith, 1971; Engelund and Fredsoe, 1982; Miiller and Gyr, 1982; Mendoza
and Shen, 1990; Nclson et al., 1993 Bennett and Best, 1995). The extraction of momentum
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from the flow due to turbulence production represents form drag exhorted on the flow by the
bed morphology (and vice versa). Reattachment of the scparated flow forces the
development an the internal boundary layer (section five) on the stoss side of the bedform
downstream of the point of flow reattachment (McLean and Smith, 1986). The mcan
boundary shear stress in the vicinity of flow reattachment is very small and increases rapidly
with distance downstream because of acceleration in the outer part of the boundary laycr

due to the decay of the wake. The wake (section three) overlying the separation zone free
shear layer also experiences high turbulence intensities and Reynolds stresses (Raudviki,
1966; Engelund and Fredsoe, 1982; McLean et al., 1994; Bennett and Best, 1995). The
wake region grows both vertically and horizontally in a downstream direction from the point
of flow separation, increasing in size but decreasing in turbulent encrgy. McLean ¢t al.
(1994) have shown that the new internal boundary layer intcracts with this wake zone and
the two effectively merge by the next dune crest and hence approximates uniform boundary
layer conditions. Such descriptions of the flow field over dunes have aided the formulation
of numerical models and the quantitative partitioning of total boundary shear stress into skin

friction and form drag.

Engel (1981) concluded that the length of the flow separation zone over dunes for flows
with low Froude numbers is independent of flow depth when the average flow depth to dunc
height ratio 1s greater than 5. The length of the flow separation zone shows some
dependence on sand grain roughness when the duncs have low form indices, with increasing
form index the influence of grain roughness becomes negligible. As the length of the flow
separation zone is greatest for a reverse rectangular step gcometry, Engel (1981) concluded
that it 1s not correct to compare flow separation lengths behind dunes with those behind
reverse steps as had been assumed due to the lower angle of slope of the dunc lee face.
Engel (1981) and Nelson et al. (1993) found that, although variable, the separation length of

steep dunes is approximately equal to four times the height. Negative velocitics in this

recirculation zone can reach -10% to -20% of the mean downstream velocity (Bennett and
Best, 1995).

However, morphological studies have shown that a wide range of dunc shapes occur in
many alluvial and estuarine environments (Yalin, 1964; Allen, 1980) and hence descriptions
of fluid flow over dunes based on flume studies over idealised asymmetric dunes may be

misleading. For example, dunes with low lee slopes which do not exhibit flow scparation
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have been documented in the ficld (Smith and McLean, 1977; Kostaschuk and Villard,
1996).

2.4.2 The Structure of Turbulent Flow over a Flat Bed

Turbulent flows have been studied for well over a century and although no general solutions

to problems in turbulence (such as turbulence prediction) exist, many advances have been
madec such as the characterisation of turbulent flow over a flat boundary. Turbulent
boundary layers over flat beds may be considered to consist of different sections, each
having distinctly different characteristics in terms of the vertical profiles of mean velocity
and shcar stress. The inncr layer of a turbulent boundary layer extends from the wall to y/6
values ranging from 0.1 to 0.2, where y is the distance above the bed and d is the depth of
the boundary layer. The inner wall encompasses both the viscous sub layer and the log-law
region where the mean velocity is logarithmically dependant on distance from the wall. The
outer laycr of a turbulent boundary layer lies above the inner layer, at depths of y/d greater
than 0.2. Extensive reviews of turbulent boundary layer structure can be found in Kline and
Robinson (1989, 1990) and Robinson (1990a,b) and the four main turbulent components of

a fully developed boundary layer structure over a smooth wall are described below:

1) Low speed streaks, which have a velocity of approximately half the mean flow velocity.
These streaks have a dimensionless spanwise wavelength that scales with inner wall
variables which increases with distance away from the boundary. They arc one of the

fundamental clements of the lower boundary layer and are responsible for feeding low speed

fluid into uplified cjections and bursts.

2) High spced sweeps. These are wall-directed inrushes of higher than average downstream
velocity fluid. They arc associated with the initiation of sediment transport as they
contribute a large proportion of Reynolds stress.

3) Ejcctions of low speed fluid away from the wall. They have a characteristic low

downstream velocity and positive vertical velocity and may act singly or in groups to give

risc to boundary layer bursting,.

4) Larger scale vortical coherent motions within the boundary layer, in the shape of hairpin

or horseshoe vorticces.
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Many studies have tried to identify the nature of 'bursting' within flatbed turbulent boundary
layers where bursting refers to the violent ejection of rclatively slow moving bottom water
towards the surface (e.g. Grass, 1971; Rao et al., 1971; Bogard and Tiederman, 1986).

The structure and spatial and temporal scales of ejection events has been investigated (c.g.
Rao et al., 1971) and a relationship between burst periodicity and outer wall variables was

perceived such that

Ty=TU/8=3t07 | cquation 2.3

Where T, is the dimensionless time between bursts, T is the actual burst period, U is the
mean flow velocity and d is the boundary layer thickness. However, more recent rescarch
(Luchik and Tiederman, 1987) has suggested that the rclationship is incorrect and scaling
with both inner and or inner-outer wall variables is more appropriate. Thesc ejection events
have been shown to greatly contribute to Reynolds stresses and have also been postulated to

effect the formation of dune bedforms.

2.4.3 Turbulence over dunes

At larger scales, ejections or 'boils' have frequently been described on the surfaces of natural
flows such as rivers and estuaries (e.g. Mathes, 1947; Coleman, 1969; Jackson, 1976; Rood

and Hickin, 1989; Levi, 1991; Lapointe, 1992; Kostaschuk and Church, 1993). Jackson

(1976) speculated that the turbulent bursting mechanism observed in laboratory turbulent
boundary layer flows played a major role at this larger, geophysical scalc in the formation of
dune associated boils. Jackson reasoned that large scale bursting may also scale with outer
flow variables and empirically derived the dimensionless periodicity of boils associated

with dunes as:

To=TU/d=31t07 equation 2.4

Where d is the flow depth. As this equation is equal in value to Rao's burst periodicity in the
turbulent boundary layer, both Jackson (1967) and Yalin (1977), among others, assumetd
that the process controlling burst formation behind dunes and ejections from turbulent

boundary layers is the same. Jackson reasoned that bursts were gencrated from within the
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lee side separation zone of dunes (Figure 2.4). Hence dunc formation was assumed to be

related to microturbulent structures, and burst periodicity could be linked through to the
scaling of dunes with flow depth. However, the change in scale between the two phenomena

is huge and more recent flow visualisation studies (e.g. Itakura and Kishi, 1980; Miiller and

Gyr, 1982, 1986; Onslow et al.) have indicated that the origin of dune-related macro-

turbulence may by due to eddy shedding from the separation zone shear layer (Figure 2.4).
Levi (1983, 1991) also suggested that such macro turbulence is due to eddy shedding, where

the frequency, f, can be determined from the Strouhal relationship:

St=fY/U=0.16 equation 2.4

Where St is the Strouhal number, Y is the upstream depth before separation and U is the

mean downstream velocity.
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Figure 2.4, (a) Turbulence generation associated with dunes and the ori g:ins E)f kolks and

surface boils (after Jackson, 1976), (b) Vortex generation associated with the free shear
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layer of the dune flow separation zone (after Milller and Gyr, 1986): (i) vortex development
and boil generation downstream of a dune; (ii) horseshoe shaped vortex originating on the

free-shear layer of the flow separation zone. (from Best, 1996).

Eddy shedding from free (unattached to a boundary), unstable shear layers was first

remarked upon by Helmholtz in 1868 and was formally posed by Kelvin in 1871, and hence

is commonly referred to as Kelvin-Helmholtz instability (Drazin and Reid, 1981). Shear or

vortex layers are unstable to disturbances of a wide range of wavelengths and break down
into periodic vortices (Allen, 1968). Due to the different bounding velocities of the shear

layer, the vorticity in the shear layer amplifies with time and feedbacks to further increase
the range of wavelengths in the shear layer. The positive feedback mechanism of vorticity

generation is a common physical explanation for the Kelvin-Helmholtz instability and

further intensification of vorticity may eventually lead to the detachment or shedding of an
eddy.

The structure of free shear layers downstream of a backward facing step has been
extensively examined in the engineering and aeronautic literature (Figure 2.5). Such studies
have found that a 'global' or large scale motion (or flapping) of the shear layer exists, with
flapping correlating with change in the separation zone length (Driver et al., 1987). An
increase in the separation zone length is accompanied by an increase in shear stress within
the shear layer which is interpreted by Driver et al. (1987) as the movement of coherent
flow structures (Kelvin-Helmholtz instabilities) along the shear layer, which then impinge
with the bed at flow reattachment. Flapping therefore displaces the instantaneous
reattachment point of the shear layer, hence a flow reattachment zone is a more accurate
description than a reattachment point. Another important point associated with shear layer
flapping is that flow reversals within the downstream section of the reattachment zone will

be intermittent, with a decrease in the frequency of reversals with distance away from the

separation point (Figure 2.5). Further description of the structure of the flow separation zone

can be found in Simpson (1981,1989).
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Figure 2.5, Features of flow over a backward facing step (Driver et al., 1987)

Quadrant analysis has been frequently used to discriminate between different boundary
layer turbulent motions and uses measurements of instantaneous deviations of velocity from
the mean values (e.g. Bogard and Ticderman, 1986). Four quadrants can then be
differentiated between when the horizontal and vertical fluctuations are plotted about a
mean value of zero. Quadrants 2 (positive vertical and negative downstream instantaneous
deviations from the mean velocity) and 4 (negative vertical and positive downstream
instantancous deviations from the mean velocity) then describe ejections and sweeps as
outlined carlicr in the classical boundary layer description. Quadrants 1 (positive vertical
and downstream instantancous deviations from the mean velocity) and 3 (negative vertical
and downstrcam instantancous deviations from the mean velocity) show 'outward' and
'inward’ intcractions of the flow. Quadrants 2 and 4 provide an extraction of energy from the

mean flow ficld to gencrate turbulence, whereas the negative contributions to Reynolds
stress in Quadrants 1 and 3 dissipate energy from turbulence structures back into the mean
flow. The flume experiments of Bennett and Best (1995) examining flow over dunes
showed that most quadrant 1 cvents occur within the flow separation zone and both at and
downstrcam of reattachment and McLean et al. (1994) have suggested that these events may
also be important for initiating scdiment transport. Bennett and Best (1995) also quantified
the magnitude of turbulence and delineated the morphology and downstream extent of the
highly turbulent region along the shear layer produced by flow separation. Quadrant 2
cvents dominated in this region, and are responsible for a large part of the fractional
contribution to Reynolds stress (Figure 2.6). The contribution of Quadrant 2 events to the
Reynolds stress decreases away from the separation zone as the shear layer mixes and
dissipates. Quadrant 2 cvents have therefore been postulated to be of great importance in the

suspension of sediment from the scparation zone shear layer towards the flow surface.
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Quadrant 4 events are found to occur frequently within the scparation zone and near flow
reattachment and these inrushes of high velocity fluid have previously been linked to the

entrainment and transportation of sediment (e.g. Thorne et al., 1989), and are indicated by

the flume study of Bennett and Best (1995) to be brought towards the bed along the shear
layer. Flow reattachment, and the associated impingement of quadrant 4 events, at the bed is

postulated to create high instantancous shear stresses at reattachment and along the lower
dune back, hence causing erosion and transport of sediment. McLean et al. (1994) show that

the sediment transport rate at flow reattachment may not be predicted by the boundar<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>