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Abstract

We performed large eddy simulation of the flow over a series of two- and three-

dimensional dune geometries at laboratory scale using the Lagrangian dynamic eddy-

viscosity subgrid-scale model. First, we studied the flow over a standard 2D transverse

dune geometry, then bedform three-dimensionality was imposed. Finally, we investi-

gated the turbulent flow over barchan dunes. The results are validated by comparison

with simulations and experiments for the 2D dune case, while the results of the 3D

dunes are validated qualitatively against experiments.

The flow over transverse dunes separates at the dune crest, generating a shear

layer that plays a crucial role in the transport of momentum and energy, as well

as the generation of coherent structures. Spanwise vortices are generated in the

separated shear; as they are advected, they undergo lateral instabilities and develop

into horseshoe-like structures and finally reach the surface. The ejection that occurs

between the legs of the vortex creates the upwelling and downdrafting events on

the free surface known as “boils”. The three-dimensional separation of flow at the

crestline alters the distribution of wall pressure, which may cause secondary flow

across the stream. The mean flow is characterized by a pair of counter-rotating

streamwise vortices, with core radii of the order of the flow depth. Staggering the

crestlines alters the secondary motion; two pairs of streamwise vortices appear (a
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strong one, centred about the lobe, and a weaker one, coming from the previous

dune, centred around the saddle).

The flow over barchan dunes presents significant differences to that over trans-

verse dunes. The flow near the bed, upstream of the dune, diverges from the centerline

plane; the flow close to the centerline plane separates at the crest and reattaches on

the bed. Away from the centerline plane and along the horns, flow separation oc-

curs intermittently. The flow in the separation bubble is routed towards the horns

and leaves the dune at the tips. Barchan dunes induce two counter-rotating stream-

wise vortices, along each of the horns, which direct high-momentum fluid toward the

symmetry plane and low-momentum fluid near the bed away from the centerline.
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Chapter 1

Introduction

The interaction of a turbulent flow with a mobile sand bed results in a deformation

of the bed, whose shape depends on the amount of sand available and on the flow

properties. At stable flow conditions in rivers with mobile sand bed, equilibrium

bed shapes are eventually reached from an arbitrary bedform; at sub-critical flow-

rates (Fr = U/
√
gD < 1, where U is the flow velocity, g is the acceleration due

to gravity, and D is the flow depth), they are called either ripples or dunes [141].

Ripples are small-scale (compared to the flow depth) deformations, and can be treated

as increased roughness that do not affect turbulence far from the bed. Dunes, on

the other hand, are large-scale deformations that affect turbulence throughout the

depth. When their dimensions become comparable to the flow depth (the ratio of

roughness to the depth is approximately 0.25− 0.33 [121, 125]), large scale turbulent

structures are generated that affect flow dynamics and sediment transport [64]. At

higher flow velocities (hence larger Froude numbers) ripples transition to dunes, where

the dominant sediment transport mechanism is bed-load transport [153], in which

sediment particles are transported along the bed. Dunes have asymmetric shapes in

1
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Figure 1.1: A typical dune bedform in flume, courtesy of Dr. Ana Maria da Silva,
Department of Civil Engineering, Queens University.

the streamwise direction with a sharp downward slope called “lee side” and a gentle

upward slope called “stoss side” [80].

Dunes are formed from variety of sediment sizes from silt and sand through to

gravel [38, 129] which can create heterogeneous and anisotropic permeability and

roughness [23]. Depending on the roughness and permeability of the bed the near

bed flow is affected [23], hence the characteristics of the sediment transport vary in

dune fields depending on the bed material. Various sediment transport mechanisms

are discussed in Ref. [56].

We concentrate here on reviewing the literature on dune dynamics, although many

of the features also apply to ripples. Dunes can take two-dimensional (2D) or three-

dimensional (3D) shapes. In rivers, at low flow-discharge rates, 2D dunes are formed

with regular wavelength and height, just for a short time before they deform to 3D

dunes [146] (Figure 1.1). The time required for dunes to be generated at steady flow

conditions is at most a few hours [146]. At high velocities and Reynolds numbers, on

the other hand, dunes have highly sinusoidal or irregular crestlines [7]. The Reynolds
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Figure 1.2: A typical barchan dune in desert, courtesy of GoMyClass.com, Earth
Sciences.

number is not the only factor to determine the shape of the bed. Modifications in flow

structures, such as geometry changes by an object or turbulence-induced secondary

flows, can trigger modifications in the bedforms that eventually result in 3D dunes

[3]. The total amount of transported sediment, which is a function of the bed shear

stress and time, plays a major role in evolution of 3D bedforms [8, 9, 10].

Another factor which determines the shape of the bed is the amount of sand

available for transport. When the flow is unidirectional and sand supply is limited, the

interaction of the turbulent flow with the sand bed results in the formation of barchan

dunes in aeolian, marine and fluvial environments (Figure 1.2). Barchans have a

planform crescentic topography with horns elongated in the downstream direction

[82], and are observed in deserts on Earth [14, 85], and on Mars [27] (Figure 1.3),

but more rarely in rivers and the oceans [3, 96]. The linear relationship between the

width of the dune, its height and wavelength and its three-dimensional shape are well

understood [61]. Barchans rarely exist as isolated forms and may occur in large fields

[60] up to several hundred square kilometers in area [89]. The significance of barchan
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Figure 1.3: A barchan dune field on Mars (Credits: Malin Space Science Systems,
MGS, JPL, NASA).

dunes on sediment transport has attracted many researchers to study their fluid and

morphological dynamics in many differing environments.

Generally, during the growth and movement of dunes, sand is lifted in the high-

shear regions, and redeposited in the separated-flow area. Both this mechanism and

bedload flux contribute to the formation of dunes. Dune formation may affect naviga-

tion, erosion of bridge piles and other structures, as well as dispersion of contaminants.

Dunes also have a strong effect on channel drag and on the mechanisms of flow dis-

charge in a river, especially during floods. The flow over a dune itself affects the bed

deformation, sedimentation events, and has interactions with the free surface. There-

fore, understanding the physics of the coherent motions present in this type of flow

helps to understand the entrainment-deposition phenomena, and bed formation. The

strong interaction between the flow field, bed formation and sediment transport phe-

nomena emphasizes the need for comprehensive and collaborative research on flow

simulation and bed deformation models, which are critical in geophysics and river
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engineering.

Non-dimensional important parameters in the flow over dunes are Reynolds num-

ber, Froude number and Rossby number. The Reynolds number which is the ratio of

inertial forces to viscous forces ranges from several thousands in flume experiments

[18] to several millions in rivers [79]. The Froude number, the ratio of a characteristic

velocity to a gravitational wave velocity, is lower than one at sub-critical flow regime

[98, 107, 145]. The Rossby number which is the ratio of inertial to Coriolis force be-

comes important in aeolian environments but is large at the typical scale of barchan

dunes (less than 100 meters) and the Coriolis force is usually neglected in the studies

[4, 91].

1.1 Literature Review

A recent review of the dynamics of river dunes can be found in Ref. [23]; here, we only

describe the fluid-dynamical features of dunes more relevant to this study. Dunes are

created by small irregularities on a flat sand bed, which grow until a large-scale form

is established. They also migrate in the flow direction and rarely reach an equilibrium

shape, unless the flow is steady and unidirectional. However, an equilibrium state

for the near-bed flow over developing dunes is found by Coleman et al. [36] and it

is shown by Venditti and Bauer [144] that flow characteristics are also the same for

various flow conditions and dune geometries.

The transition from one bedform to another may be caused by an increase of a

few cm/s in the flow velocity [146], and usually occurs gradually, like the transition

of ripples to dunes [21, 121, 125]. In general, the transition of a bedform depends

both on the flow-rate and the time required for the bed defects to grow. The reason
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3D bedforms exist at high flow discharge may simply be that it takes less time to

move the sediment required for the transition [146]. Even bedforms developed in

wide flumes may become 3D over time; therefore, the idea that persistent 2D features

develop at lower flow strengths is not completely true [146], and may be due to the

run-times used in some experiments, which may be too short to allow the transition

to 3D bedforms, as shown by the transition of 2D to 3D ripples over time [8, 9, 10].

Another possible reason why stable 2D bedforms have been reported is the use of

narrow flumes, since the mean eddy size is of the order of the flume width, and 3D

morphology could not easily be established [146]. Sometimes the three-dimensionality

of dunes is negligible compared to the height of the bed, hence they are considered

as 2D, especially in field studies [11].

An experimental study on transition of bedforms from a flat shape into equilibrium

large-scale dunes in unidirectional flow was conducted by Robert and Uhlmann [121].

As the flow velocity increases on a flat bed, the interaction between the flow and

the mobile bed in a thick layer close to the bed creates two-dimensional ripple-like

irregularities. Zones affected by sediment transport extend into much thicker regions

at higher discharge rates, when irregular linguoid ripples are generated. These three-

dimensional formations are transformed into two-dimensional dunes with increased

average-flow velocity. At this time, the whole flow depth has been affected by sediment

transport. Initiation and development mechanisms of the irregularities that result in

dune formation are also discussed by Coleman and Nikora [35].

One feature of the flow over dunes that has attracted significant attention is the

variety of very large (with size comparable to the river depth) coherent structures that

are observed. Several researchers have discussed these structures, and their role in
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Figure 1.4: Configuration of two-dimensional dunes and schematic of mean flow char-
acteristics [23].

the transport of mass and momentum. Best [24] observed boils (upwelling motions at

the water surface, that usually occur when a horizontally oriented vortex attaches to

the surface [95]) in a high Reynolds-number flow over dunes in the laboratory and in

the Jamuna River, Bangladesh, and proposed a schematic model for the interaction of

coherent structures with the flow surface that results in boils. These general patterns

of flow on the water surface over a dune-covered bed had been observed previously (see

for instance [104] and other references cited in [23]) and are a dominant mechanism

for sediment suspension [128, 145].

Wavelet analysis of field measurements [130] over the crest of a sand dune in

Ŕıo Paraná in Argentina showed a strong correlation between the ejection events,

caused by deceleration of flow on the lee side, and suspended sediments. Vortex

shedding at the shear layer and wake flapping on the bed contribute to the formation

of large-scale structures. The frequency of large turbulent events is related to the

reattachment flapping events.
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1.1.1 2D Dunes

Mean flow characteristics reported in laboratory experiments [20, 24, 98, 107, 127],

field observations [80, 81, 124, 144], and two-dimensional mathematical models [99,

106] reveal that the flow includes a recirculation zone and a shear layer due to the

separation at the crest, an internal boundary layer after the reattachment on the

stoss side, a wake region behind the recirculation zone which extends towards the

downstream dune, accelerating and decelerating flow on the stoss and lee side of

dune, and an outer region near the surface (Figure 1.4). Despite the fact that various

bedforms and Reynolds numbers were examined, these characteristics of the mean flow

and statistics were common [144]. Statistical measurements [98, 107] of turbulent flow

over two-dimensional fixed bedforms revealed the fact that scaling velocity moments

with local shear stress is inappropriate.

More detailed investigation on the turbulent structures were conducted using

quadrant analysis [20]. Bennett and Best [20] concluded that Kelvin-Helmholtz in-

stabilities in the shear layer are more likely to cause dune-related macroturbulence

than turbulent boundary layer bursting, verifying the conclusions by Kostaschuk and

Church [81].

Laboratory measurements of flow statistics and quadrant activities conducted

across ripple-dune transition [125] revealed that turbulence production increases as

the bed shape is changed from ripples to two-dimensional dunes and decreases af-

terwards until three-dimensional dunes are formed. Over dunes, ejection events are

more frequent but weaker than sweeps, although all four quadrants contribute to

momentum transport.

Analysis of the vorticity and velocity fields by Schmeeckle et al. [127] revealed
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coherent boil-like events similar to the boils observed in an open-channel flow over

a smooth bed, but on a much larger scale (almost of the size of the flow depth).

They observed spanwise rollers that grow in the separation region and later move

downstream and begin to break up into smaller vortices. During this process, rollers

transport material from the separation area into the flow interior and suspend a large

amount of sediment grains. Their results show intermittent detachment of the near-

bed spanwise vortices, which move toward the surface and are responsible for the

boils.

Kadota and Nezu [69] suggest that the vortices generated at the shear layer have

different morphology than those created after reattachment. They observed strong

upward-tilting eddies, called “kolk structures”, being generated at the reattachment

point and rising to the surface. The spacing between kolks seemed to be narrower

than that observed in previous experiments [81, 104, 108]. The periodicity of such

strong upwellings has been investigated by Babakaiff and Hickin [11], who showed

their wavelength to increase at low relative roughness (i.e., dune height to flow depth)

and become constant when the ratio exceeds 0.2.

Although the uniqueness of the structures that cause the boils in flows over dunes

has been illustrated in laboratory measurements [23, 69, 104, 108] and field obser-

vations [11, 25], little is known of the generation, evolution, and distortion of these

coherent structures. Several studies show that boil-generating structures start as a

loop or horseshoe vortex [69, 104]. Best [23, 24] indicates that a vortex loop that

touches the free surface causes the upwelling motion, i.e. the boil. When the legs of

the vortex loop attach to the surface, vertical vortices are generated.

Discussion on the generation of large vortex loops that cause the strong upwelling
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at the surface is still inconclusive. Jackson [67] compared the frequency of bursting

events and boils at the surface and concluded that boils are caused by these near-wall

bursts. Müller and Gyr [104] proposed a mixing-layer analogy in which separated

spanwise vortices at the crest undergo three-dimensional instabilities, which even-

tually cause hairpin-like vortices. The heads of these vortices are associated with

low-speed fluid that rises up to the surface and generates boils. Their model is

supported by flow visualizations. Other authors [69, 108] identified vortices in the

separated-flow region that move towards the reattachment point; they conjecture that

kolk-boil vortices are formed due to oscillations of the reattachment line, similar to

those that occur in the separated flow at a leading edge [31]; these vortices move to

the surface and cause the boils. Kadota and Nezu [69] performed flow visualizations

and conditional sampling at very low Reynolds numbers to support this argument.

There are also qualitative descriptions of the mechanism in which vortex loops are

generated [23, 24, 127] that essentially conform to one of the above models.

The flow over river dunes has also been studied numerically, by the solution of the

Reynolds-averaged Navier-Stokes (RANS) equations [101, 154] and large-eddy simu-

lations (LES) [57, 137, 155, 156]. We concentrate on the large-eddy simulations, since

RANS solutions are unable to capture the turbulent eddies that are the focus of the

present work. Large-eddy simulation of turbulent flow and sediment transport over

large-scale ripples were carried out first by Zedler and Street [157]. They solved an

advection-diffusion equation for the sediment transport that is sufficiently accurate at

low concentrations, but neglected the interaction of the sediment with the flow. They

observed the lifting of sediment in high shear-stress regions that move downstream

and upward.
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Yue et al. [156] performed LES of the flow over typical 2D dunes using a level-set

function to account for the free-surface deformation. Periodic boundary condition in

streamwise and spanwise directions were applied. The domain had length Lx = 20h

and width Lz = 7h, where h is the dune height. Two flow depths at the crest were

simulated: 6.6h and 3.24h, denoted as deep and shallow flows; the Reynolds number

(based on the flow depth and the surface streamwise velocity at the crest) was 58, 000

and 10, 700 for the two cases, respectively. In general, the first- and second-order

statistics were in good agreement with the experiments by Balachandar et al. [17].

The simulations showed upward-tilted vortices close to the free surface in the shallow

flow. Compared to the deep-flow simulation, more small-scale structures were present

on the surface of the shallow flow, which gave the appearance of roughness at the free

surface. The results showed that the interaction of the free surface and the flow

structures is significantly affected by the flow depth. The same authors subsequently

performed LES in nearly the same configuration, and visualized periodically flapping

spanwise rollers in the recirculation zone [155].

Stoesser et al. [137] also performed LES of flow over dunes with parameters similar

to those used by Yue et al. [155]: the dune wavelength was 20h, the maximum depth

was 4h, and Re = 25, 000 based on maximum depth and average bulk velocity. The

first- and second-order statistics agreed well with the experiments in the literature.

The simulations showed rollers at the crest that expanded to the size of the dune

height as they were convected towards the reattachment point. A few instantaneous

snapshots of spanwise vorticity and velocity vectors highlighted the upward movement

of vortices after the reattachment point. They concluded that the boils on the surface

were originally hairpin eddies generated in the reattachment region as a result of
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secondary instabilities of rollers that are elongated in the streamwise direction and

tilted upward. However, the instantaneous visualizations of velocity fluctuations do

not show a strong upwelling at the surface, but rather a structure similar to the

smaller, weaker boils that occur at the surface of open-channel flows over flat surfaces

[83].

More recently, Grigoriadis et al. [57] performed LES of the flow in the geometry

studied experimentally by Kadota and Nezu [69]. The dune wavelength was 20h and

the maximum flow depth was 4h. Two cases were studied, with Reynolds numbers

(based on average flow depth and mean bulk velocity) equal to 17, 500 and 93, 500.

They examined the turbulent eddies in more detail than previous investigators. Their

results, however, differ somewhat from previous experimental and numerical observa-

tions: in their simulations the horseshoe structures did not reach the surface. They,

however, observed kolk vortices generated by the interaction between streamwise vor-

tices that reach the dune crest from upstream and rollers generated at the crest. Kolk

vortices were found to last for long times, and were the most significant structure ob-

served at the surface in their simulations.

1.1.2 3D Transverse Dunes

Although the flow over dunes has been extensively studied in field experiments [11, 20,

25, 28, 47, 51, 67, 79, 80, 81, 95, 123], fixed 2D dunes have been the focus of the studies

in laboratory experiments [16, 18, 63, 69, 104, 107, 127, 145], numerical simulations

[57, 110, 117, 127, 137, 154, 155, 156], as well as theoretical studies [99, 100, 106].

Fewer investigations have considered the effects of crestline three-dimensionalities.

The mean flow has been studied experimentally [3, 94, 93, 146, 143] and numerically
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Figure 1.5: Schematic of the 3D dune used in the experiments by Maddux et al.[93,
94]. Flow over the dunes runs from top left to bottom right.

[111, 157]; some features of the flow are common with the flow over 2D dunes (e.g.,

the separation at the crest, reattachment on the bed, and deceleration/acceleration

over the lee/stoss side), but the 3D mean flow that is induced significantly alters

turbulence characteristics.

The early work of Allen [3], who considered a variety of three-dimensional bed-

forms and their near-bed streamlines, highlighted properties of the bed deformation

observed in nature. The quantitative study of the turbulent flows over 3D bedforms,

however, did not begin until the past decade, when Zedler and Street [157] conducted

a numerical study of the flow over small-scale wavy 3D bed deformations. They were

able to resolve near-bed Görtler vortices, which accumulate sediment in areas with

upward mean-flow motion.

Maddux et al. [93, 94] examined the flow over straight-troughed dunes with 180o

out-of-phase sinusoidal cross-stream variation in dune height (Figure 1.5). By main-

taining a constant lee slope, the fixed dune crests curved across the channel forming

saddles at elevated crest points, and lobes at shortened crest points. The length of

dunes was 20h, where h is the average dune height. A cosine wave was imposed on the
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crest height, with wavelength equal to the flume width, λ = 22.5h and amplitude half

of the average dune height, A = h/2. Their measurements were conducted for two

cases with deep (H = 14.0h) and shallow (H = 4.3h) flow with Reynolds numbers

Re = 112, 000 and 47, 000 based on average bulk velocity and average flow depth. The

flow resistance was higher by almost 50% over the 3D dunes, but the turbulence inten-

sity was much lower. Maddux et al. [93, 94] also examined the free-surface response to

bed-shape configuration and observed, for the 3D dunes, 2D free-surface deformations

similar to those observed over 2D dunes. The maximum deviation of the free-surface

level from the averaged straight level was 2.5% of the average dune height. The phase

difference in the crestlines results into a sequence of saddles between the lobes. The

flow moved away from this high-low crest sequence region, which acted as a virtual

vertical plane normal to the spanwise direction and at the middle of the flume. Hence,

the greatest streamwise velocity occurred over the nodes, between the saddle and the

lobe. The cross-stream flow was stronger close to the bed and over the nodes, while

the upward velocity was higher upstream of the saddle where the highest crest exists.

The decelerated flow over the saddle resulted in a larger separation cell than in a typ-

ical 2D dune case at the same Reynolds number; the cross-stream flow near the bed

was found to be in an opposite direction to the flow near the free surface. Maddux

et al. [93, 94] conjectured that the secondary flow across the stream is caused by tur-

bulence asymmetry. The integral of the momentum balance equation was examined

to partition the total drag into its subcomponents, form and viscous drag. Despite a

good estimation of form drag and bottom pressure, the skin-friction estimation from

the near-bed mean velocity and Reynolds shear stress was not accurate. The largest
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Figure 1.6: Schematic of the 3D dune used in the experiments by Venditti [143]
and the simulations by Omidyeganeh and Piomelli [111]. Flow over the dunes runs
from top left to bottom right. The sine function that is superimposed into 2D dune
configuration is A sin(2πz/λ), where λ is the wavelength (here λ = 16h) and A is the
amplitude (here A = h).

form drag and skin friction were observed over the node, where the streamwise veloc-

ity is largest. The field observations of Parsons et al. [114] highlight the importance of

3D bedforms for flow structures and sediment transport. Secondary flows over saddle-

or lobe- shaped crestlines were observed to be larger and more structured, and direct

the downstream bed morphology and sediment-suspension mechanism in the flow.

Parsons et al. [114] suggest that in the case of smaller scale macro-turbulence in flows

over 3D dunes, suspension of bed sediment may be less, affecting the bed morphology

significantly. There is a need to quantify the scales of vortical structures in flows over

various 3D dunes to evaluate this conjecture.

The effect of different 3D bedforms has been investigated by Venditti [143] using

fixed 2D and 3D dune morphologies. The main difference between the 3D dunes
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used in his work and those used by Maddux et al. [93, 94] is the way the three-

dimensionality was introduced, by deforming the crestline in the streamwise (rather

than in the vertical) direction, similar to the geometry used in the present simulations,

illustrated in Figure 1.6; this placed saddles at the most upstream spanwise locations

of the crestline, and lobes at the most downstream position. In the experiments of

Venditti [143], the downstream crestline was in phase with the upstream one. The

dune length was 20h and the average flow depth was close to 6.8h; the Reynolds

number of the experiment was Re = 73, 010 based on the average flow depth and

the average bulk velocity. In the case of full-width saddle or full-width lobe dunes,

a constant oblique line with the slope of almost 1.1 was used, while for the case of

sinusoidal crestline, a sine wave with A = 2.33h and λ = 11.45h was introduced.

The sinuosity of the crestline is defined in terms of a non-dimensional span number,

NDS= Lc/Ly [146], where Lc is the crestline length and Ly is the linear distance

between the crest endpoints (in the experiment, this was equal to the channel width).

Observations were not consistent with those of Maddux et al. [94], since the crestlines

were in phase. The flow was fastest over the saddle and slowest over the lobe, while

turbulence was highest over the lobe and lowest over the saddle. By looking at the

spatially-averaged vertical and spanwise velocities the presence of a secondary flow

pattern was conjectured, in which flow moves upward over the lobe and downward over

the saddle. From these mean-flow and turbulence distributions, the author concluded

that a stable configuration of 3D dunes with sinusoidal crestlines can be formed with

180o phase difference in sinuous profiles, like those of Maddux et al. [93, 94].

Secondary vortices in channels with sizes comparable to the flow depth have been

reported in the past [54, 72, 76, 142] and are related to the surface concentration of
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suspended sediment, which varied in the spanwise direction, with higher concentration

in the upwash regions of these vortices [72]. These motions are generated by the

spanwise gradient of the pressure on the bed (secondary currents of Prandtl’s first

kind [26]).

Turbulent structures are responsible for sediment transport [125]; their importance

in an open channel flow with smooth and rough beds on the sediment transport

mechanism are discussed in the literature [22, 67, 70, 71, 109, 138]. Ejections may

lift up the sediment and persist for a long time. If the wall-shear stress increases,

more particles are entrained in the outer region of the flow, especially over rough

beds [109]. The inrush of high-momentum fluid towards the bed (sweep events), on

the other hand, if coalesces with surrounding events may cause a small roghness on

the bed [22] and grow to a large scale deformation. Despite the importance of wall-

turbulence and of sweeps and ejections near the bed, and their impact on the bed

deformation, their dynamics have not yet been studied in depth.

The field observations of Parsons et al. [114] highlight the importance of 3D

bedforms for flow structures and sediment transport; secondary flows over saddle- or

lobe- shaped crestlines were observed to direct the downstream bed morphology and

sediment-suspension mechanism in the flow. Moreover, the distribution of coherent

structures in the bulk flow, especially horseshoe vortical structures that interact with

the free surface and cause strong boil events and their statistics have to be studied.

1.1.3 3D Barchan Dunes

Another type of 3D dunes, usually found in aeolian environments, are barchan dunes

(Figure 1.7). After the early work by Bagnold [14], the geomorphology of sand dunes
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Figure 1.7: Schematic of the barchan dune. Flow over the dunes runs from bottom
left to top right.

has been studied and discussed in review papers by Andreotti et al. [4] and Living-

stone et al. [91]. A body of research has been devoted to small-scale grain transport

mechanisms over flat surfaces [4] and sloping bedforms considering the changes in the

threshold of sediment transport [58, 65]. Other research has studied the large-scale

dynamics of dunes by examining their dimensions [61] and interactions within dune

fields [27], both experimentally [43], or by modelling sand transport in a large domain

and predicting an equilibrium state for their size and arrangement [90].

Models for solitary dunes cannot describe the steady state of barchan dune fields

[60]; dunes receive sediment on their stoss side, and lose sediment through their

horns; hence large dunes grow and move slowly while small dunes shrink and move

faster. Additionally, based on the models in literature, the length scales required for

the instability of deformation are much smaller than the dune sizes found in nature

[60]; hence, there should be yet unknown physics that keep dune fields steady and

determine the interdune spacing.

Most measurements and calculations of flow and sediment transport have been
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performed on the streamwise-wall-normal symmetry plane of barchans, and especially

over the windward stoss side [84, 86, 97, 113, 149, 151]. Theoretical efforts have also

usually considered transverse dunes [48, 84, 86, 97, 149, 151] and adapted an extended

version of boundary layer theory [126] to the flow over gently sloping symmetrical hills

[66]. However, the velocity profiles do not often obey the logarithmic law-of-the-wall

over barchan dunes [48, 97, 151]. Early numerial experiments on the development

and migration of an isolated dune by Wippermann and Gross[152] assumed log-linear

behavior and could just explain the sensitivity of the wind speed on the shape of

barchan dunes, similar to the picture presented by Bagnold [14], Finkel [46] and

Allen [3].

Advanced analysis of flow characteristics has often been performed over transverse

dunes [48, 97]. Some theoretical efforts [48] explained the shear layers over the lee side

of aeolian dunes and development of a thin internal boundary layer downstream of

the flow reattachment region. The intermittent behavior of turbulent structures and

sediment transport was studied by McKenna et al. [97] who studied the frequency

spectra of streamwise velocity fluctuations and sediment transport over transverse

dunes. At low wind speeds, close to the sediment transport threshold, the intermittent

nature of flow structures on sediment transport was found to be as important as the

mean flow. McKenna et al. [97] concluded that mean velocity is not a good indicator

of sediment transport mechanisms at low wind speeds. The secondary flow over the

lee side of transverse dunes has been studied by Walker and Nickling [147, 148];

grainfall transport and deposition are strongly linked to the vertical flow within the

shear layer bounding the circulation bubble in the wake. The reversed flow in the

recirculation cell was found to be strong enough to return sediment to the lee side of
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the dune [148].

An interesting and yet ambiguous phenomenon in the morphology of barchan and

transverse dunes is the sediment transport mechanism upstream of the toe of the

dune (Figure 1.7), where the mean bed shear-stress decreases but, contrary to the

expectation of sediment deposition in this area, the transport rate does not decrease.

Researchers conjecture that turbulent structures are responsible for sediment trans-

port in this region [97, 116, 147, 148, 150, 151]. The most of sand transported is

due to long-lasting positive wind fluctuations, while the influence of short time-scale

events on the sediment transport is not yet understood. The concave curvature of

streamlines was assumed to be responsible for the increase in Reynolds shear stresses

[151], with high-momentum structures being transferred to the low-momentum area

near the bed, which increases the instability and hence the stress.

On the upper half of the stoss side, the bedform curvature changes from concave to

convex, which stabilizes the flow that is also accelerated; these two mechanisms have

opposing effects on sediment transport, with acceleration often overcoming the effects

of curvature [150]. A third zone exists if the dune crest (highest point on of the dune)

does not coincide with the brink (where the flow separates); the flow decelerates after

the crest towards the brink that, together with the convex curvature, cause deposition

of sand [151]. The dune profile (crest-brink separated or crest-brink coincident) thus

affects the lee side flow characteristics [13]. While an increase in Reynolds shear stress

and the streamwise component of stress can explain the maintenance of sand flux at

the toe, further downstream, on the stoss side and near the crest, flow acceleration

plays a more significant role [148, 150]. A more sophisticated study is required to

clarify the effects of acceleration and streamline curvature on the turbulence statistics
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and their budgets.

Several numerical studies of the flow over 3D barchan dunes have been con-

ducted [139, 152]; they generally suffer from low grid resolution and inaccurate mod-

els. Reynolds-averaged Navier-Stokes solvers in 2D [115, 116] and 3D [59] provide

mean-flow characteristics (flow acceleration/deceleration, separation, reattachment,

and reversal) with qualitative agreement with the literature, but neglect the mean-

flow three-dimensionality and do not provide information on the instantaneous flow

structures observed in experiments [49, 97] and their importance; e.g., elongated sand

streaks observed on the stoss side of dunes, which indicate significant contributions

of wall turbulence to sediment transport [30, 49].

The effects of interdune spacing on dune dynamics have been largely ignored,

despite the fact that the spacing affects the flow on the lee side of the upstream

dune and the stoss side of the downstream bedform [45], and may change the mecha-

nisms of sediment transport, which are assumed to depend on the spacing and dune

sizes [12, 113, 148]. The importance of the secondary flows observed in the lee side

on intermittent sediment transport over the stoss side of the downstream dune was

studied by Walker and Nickling[148]; high variability in bed shear-stress in the reat-

tachment zone inhibits sediment deposition and can cause deformation of the stoss

side of the downstream dune. At interdune spacings close to the size of the separation

zone, regular deformation models [99] cannot explain the physics, even for transverse

dunes [12]. Palmer et al. [113] conducted a series of experiments on the effects

of interdune spacing on the features of the separated shear-layer, separation-bubble

size and approaching turbulent structures on the stoss side of the downstream dune.

The sheltering effect of the upstream dune on the flow over the downstream dune
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was identified; the vortices formed on the separation zone shear layer were advected

downstream and transported energy to smaller scales.

The process of interaction between barchan dunes has been studied in aeolian [78]

and aqueous [43] environments. In water flows, Endo et al. [43] observed three types

of interaction occurring as the volumetric ratio between the two adjacent bedforms

increased: (1) absorption, (2) ejection, and (3) splitting. Kocurek et al. [78] supported

the hypothesis that interactions emerge from bedform-level sediment transport in a

hierarchy that includes grain-fluid interactions and dune-dune interactions.

1.2 Objectives

The primary objective of this research is to investigate the dynamics of the flow

over dunes; we have performed large-eddy simulations of unidirectional turbulent

flows over standard two- and three-dimensional fixed bedforms. These dune shapes

are typical in environments, e.g. rivers and deserts, with unidirectional mean flow.

The complexity of the three-way coupling between bedform, fluid flow, and sediment

transport can be simplified by considering one of these mechanisms in isolation (e.g.,

fluid flow over fixed bedforms) and then extracting their influence on the others, e.g.,

sediment transport [23]; this kind of simplification is justified knowing that sediment

transport occurs at smaller spatio-temporal scales than the energetic flow scales, and

that these are smaller than the scales of bedform deformation and interaction [60].

Despite the experimental and numerical investigations of the flow over 2D trans-

verse dunes, several questions remain open: what are the large structures in the flow

and why are they different in the experiments and simulations? Are the large-scale

structures at the surface generated in the shear layer, at the reattachment, or in the
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attached region? What are the statistics and dynamics of these structures? How do

they interact with the surface? Another feature of interest in these flows, and one

that has been studied considerably less frequently, is the near-wall turbulent structure.

Are the near-wall eddies similar to those that occur in other canonical wall-bounded

flows, or are they affected by separation, reattachment, curvature of the bed, and

pressure gradient that occur on the upward-sloping surface (the “stoss” side)? The

present work tries to answer some of these questions. We focus on the dynamics of

the large-scale and near-wall coherent structures to understand their signatures.

Although 3D dunes exist almost everywhere the effects of their geometry on flow

dynamics are still unknown. As stated by Best [23], the relation between boundary

shear stress, turbulence statistics, and three-dimensionality of dunes must be studied

to explore the morphology mechanics and channel resistance in rivers, to help us

understand the transition from 2D to 3D dunes. In this work, we perform a numerical

study of this problem, to investigate the sensitivity of fluid mechanical parameters to

3D parameters of bedforms.

The importance of 3D dunes in controlling the flow resistance, sediment transport,

and turbulent structures demands an investigation of the flow mechanics. Experi-

ments conducted so far on 3D dunes lack precise measurements of near-wall quan-

tities, including skin friction and form drag, as well as spatially-resolved turbulent

stresses. We performed, therefore, a controlled investigation that begins from typical

2D dunes and develops more complicated bedforms. Starting from a simple sinusoidal

crestline deformation, we incorporate common dune configurations, maintaining sim-

ilarity to our 2D dunes [110] as well as to recent measurements of flows over 3D dunes

[93, 94, 143]. In addition to the total boundary shear stress, its subcomponents must
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be determined for prediction of various natural phenomena such as sediment transport

rates that affects the stability of dunes (since the skin friction directly contributes to

the sediment transport, while form drag does not).

The effects of geometry on the dynamics of vortical structures responsible for

important events such as boils are not completely understood. In addition to the

relation between turbulence statistics with three-dimensionality of dunes, the relation

of instantaneous features of vortical structures to the geometrical parameters of 3D

dunes must be studied to explore the morphology mechanics and channel resistance

in rivers, and to understand bed deformation mechanism [23].

All efforts to date to study the flow over barchan dunes lack an accurate mea-

surement of the bed shear-stress, which provides insight on the sediment transport

mechanisms. Turbulent flow over the lee side of the dune, where the flow separates

at the crest and broad ranges of length- and time-scales are introduced into the tur-

bulence spectrum, is poorly understood. This situation is even more complicated as

the flow separates intermittently on the horns of barchan dunes and, on some parts

of the crestline, it is oblique with respect to the crestline. Additionally, the three-

dimensional characteristics of mean flow and turbulence have yet to be studied with

a reasonable resolution. The significant effect of interdune spacing on the mean-flow

and instantaneous flow features have also yet to be examined in detail.

1.3 Thesis Outline

In the present thesis we start with validation of our simulation for 2D dunes and then

study the flow structures in the internal boundary layer, separated shear-layer and

at the free surface. We examine the statistics of horseshoe vortices that are advected
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toward the free surface and cause strong boil events. Then a series of 3D dunes

are generated by shifting the 2D geometry in spanwise direction using a sine wave

with different amplitudes and wavelengths. Mean-flow characteristics including the

induced secondary flow, reattachment length, bed shear stress and separated shear-

layer are examined at eleven various cases. We study the coherent structures in the

flow and compare their statistics, e.g. shedding frequency of rollers and probability

of boil events at the free surface with 2D dunes. In the next step, another type of 3D

dunes, usually found when the sand supply is limited and known as barchan dunes,

are studied. The features of the flow over these dunes at different interdune spacings

are examined and the sheltering effect of the upstream dune in this interaction on the

mean- and instantaneous-flow characteristics of the downstream dune is thoroughly

studied.

This thesis consists of the following chapters:

• In Chapter 2, we begin with problem formulation and discuss the setup of the

grid and the solver. The grid refinement study is followed by validation of the

simulation against previous experiments and simulations in the literature. Mean

flow statistics of 2D dunes are provided, and then the large coherent structures

at the surface and the near-wall turbulence are investigated in details using flow

visualizations; statistics of horseshoe vortices with sizes comparable to the flow

depth that contribute to the transport of momentum, energy and sediment are

provided.

• In Chapter 3, we present a controlled investigation of simple sinusoidal crestline

deformations and analyze the effect of geometrical parameters of the crestline on

the mean-flow characteristics. The distribution of the wall stress and the focal
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points of separation and attachment on the bed are discussed. The sensitivity

of the average reattachment length, the streamwise and spanwise components of

the channel resistance (the skin friction and the form drag), and the contribution

of the form drag to the total resistance are also studied.

• Chapter 4 focuses on the effect of the crestline three-dimensionality on the

turbulent structures near the bed, in the separated-shear layer, and in the bulk

flow. We examined three cases studied in Chapter 3 with different crestline

alignments and wavelengths. Our qualitative and quantitative analysis on the

coherent structures provide some insights on the large-scale vortices in the flow

and their interaction with the free surface which causes boil events.

• In Chapter 5, we present a series of resolved large-eddy simulations of flow over

a model barchan dune similar to that studied experimentally by Palmer et al.

[113] at various interdune spacings, to obtain a more comprehensive understand-

ing of the 3D mean flow characteristics and turbulence coherent structures at

differing dune spacings.

• Finally, in Chapter 6, we summarize the results of this study. Concluding

remarks and recommendations for future work will also be made.



Chapter 2

Large-eddy simulation of the flow

over two-dimensional dunes in a

steady unidirectional flow

2.1 Abstract

We performed large eddy simulation of the flow over a typical two-dimensional dune

geometry at laboratory scale (the Reynolds number based on the average channel

height and mean velocity is 18,900) using the Lagrangian dynamic eddy-viscosity

subgrid-scale model. The results are validated by comparison with simulations and

experiments in the literature. The flow separates at the dune crest, generating a

shear layer that plays a crucial role in the transport of momentum and energy, as

well as the generation of coherent structures. The turbulent kinetic energy budgets

show the importance of the turbulent transport and mean-flow advection in the bulk

flow above the shear layer. In the recirculation zone and in the attached boundary

27
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layers production and dissipation are the most important terms. Large, coherent

structures of various types can be observed. Spanwise vortices are generated in the

separated shear layer due to the Kelvin-Helmholtz instability; as they are advected,

they undergo lateral instabilities and develop into horseshoe-like structures, are tilted

downward, and finally reach the surface. The ejection that occurs between the legs of

the vortex creates the upwelling and downdrafting events on the free surface known

as “boils”. Near-wall turbulence, after the reattachment point, is affected by large

streamwise Taylor-Görtler vortices generated on the concave part of the stoss side,

which affect the distribution of the near-wall streaks.

2.2 Introduction

The flow over mobile sand beds in rivers has unique dynamics. Both the shape of

the bed irregularities and their size influence the characteristics of the flow. When

their dimensions become comparable to the water depth (the ratio of roughness to

the depth is approximately 0.25 − 0.33 [121, 125]), large scale turbulent structures

are generated that affect flow dynamics and sediment transport [64].

Among the most commonly found river-bed irregularities are dunes. A recent

review of the dynamics of river dunes can be found in Ref. [23]; here, we only describe

the fluid-dynamical features of dunes more relevant to this study. Dunes are created

by small irregularities on a flat sand bed, which grow until a large-scale form is

established. They also migrate in the flow direction and rarely reach an equilibrium

shape, unless the flow is steady and unidirectional. However, an equilibrium state

for the near-bed flow over developing dunes is found by Coleman et al. [36] and it

is shown by Venditti and Bauer [144] that flow characteristics are also the same for
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various flow conditions and dune geometries.

Generally, during the growth and movement of dunes, sand is lifted in the high-

shear regions, and redeposited in the separated-flow area. Both this mechanism and

bedload flux contribute to the formation of dunes. Dune formation may affect naviga-

tion, erosion of bridge piles and other structures, as well as dispersion of contaminants.

Dunes also have a strong effect on channel drag and on the mechanisms of flow dis-

charge in a river, especially during floods. The flow over a dune itself affects the bed

deformation, sedimentation events, and has interactions with the free surface. There-

fore, understanding the physics of the coherent motions present in this type of flow

helps to understand the entrainment-deposition phenomena, and bed formation. The

strong interaction between the flow field, bed formation and sediment transport phe-

nomena emphasizes the need for comprehensive and collaborative research on flow

simulation and bed deformation models, which are critical in geophysics and river

engineering.

An experimental study on transition of bed forms from a flat shape into equilib-

rium large-scale dunes in unidirectional flow was conducted by Robert and Uhlmann

[121]. As the flow velocity increases on a flat bed, the interaction between the flow

and the mobile bed in a thick layer close to the bed creates two-dimensional ripple-

like irregularities. Zones affected by sediment transport are extended to much thicker

region at higher discharge rates, when irregular linguoid ripples are generated. These

three-dimensional formations are transformed into two-dimensional dunes with in-

creased average-flow velocity. At this time, the whole flow depth has been affected by

sediment transportation. Initiation and development mechanisms of the irregularities

that result in dune formation is also discussed by Coleman and Nikora [35].
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Mean flow characteristics reported in laboratory experiments [20, 24, 98, 107,

127], field observations [80, 81, 124, 144], and two-dimensional mathematical models

[99, 106] reveal that the flow includes a recirculation zone and a shear layer due to

the separation at the crest, an internal boundary layer after the reattachment on

the stoss side, a wake region behind the recirculation zone which extends towards the

downstream dune, accelerating and decelerating flow on the stoss and lee side of dune,

and an outer region near the surface. Despite the fact that various bed forms and

Reynolds numbers were adopted, these characteristics of the mean flow and statistics

were common [144]. Statistical measurements [98, 107] of turbulent flow over two-

dimensional fixed bed forms revealed the fact that scaling velocity moments with local

shear stress is inappropriate.

More detailed investigation on the turbulent structures were conducted using

quadrant analysis [20]. Bennett and Best [20] concluded that Kelvin-Helmholtz in-

stabilities in the shear layer are more likely to cause dune-related macroturbulence

than turbulent boundary layer bursting, verifying the conclusions by Kostaschuk and

Church [81].

Laboratory measurements of flow statistics and quadrant activities conducted

across ripple-dune transition [125] revealed that turbulence production increases as

the bed shape is changed from ripples to two-dimensional dunes and decreases after-

wards until three-dimensional dunes are formed. Over dunes, ejection events are more

frequent but weaker than sweeps, although all four quadrants contribute to mass and

momentum transport.

Recently, experimental studies of flow over three-dimensional bed forms showed

significant changes of the flow field, compared with the flow over two-dimensional bed
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forms [93, 94, 143]. Secondary currents present in the flow significantly affect large

scale structures, and consequently alter the statistics. In addition, the flow dynamics

are also strongly dependent on the three-dimensional shape of the bed.

One feature of the flow over dunes that has attracted significant attention is the

variety of very large (with size comparable to the river depth) coherent structures that

are observed. Several researchers have discussed these structures, and their role in

the transport of mass and momentum. Best [24] observed boils (upwelling motions at

the water surface, that usually occur when a horizontally oriented vortex attaches to

the surface [95]) in a high Reynolds-number flow over dunes in the laboratory and in

the Jamuna River, Bangladesh, and proposed a schematic model for the interaction of

coherent structures with the flow surface that results in boils. These general patterns

of flow on the water surface over a dune-covered bed had been observed previously (see

for instance [104] and other references cited in [23]) and are a dominant mechanism

for sediment suspension [128, 145].

Wavelet analysis of field measurements [130] over the crest of a sand dune in

Ŕıo Paraná in Argentina showed a strong correlation between the ejection events,

caused by deceleration of flow on the lee side, and suspended sediments. Vortex

shedding at the shear layer and wake flapping on the bed contribute to the formation

of large-scale structures. The frequency of large turbulent events is related to the

reattachment flapping events.

Analysis of the vorticity and velocity fields by Schmeeckle et al. [127] revealed

coherent boil-like events similar to the boils observed in an open-channel flow over

a smooth bed, but on a much larger scale (almost of the size of the flow depth).

They observed spanwise rollers that grow in the separation region and later move



CHAPTER 2. LES OF 2D DUNES 32

downstream and begin to break up into smaller vortices. During this process, rollers

transport material from the separation area into the flow interior and suspend a large

amount of sediment grains. Their results show intermittent detachment of the near-

bed spanwise vortices, which move toward the surface and are responsible for the

boils.

Although the uniqueness of the structures that cause the boils in flows over dunes

has been illustrated in laboratory measurements [23, 69, 104, 108] and field obser-

vations [11, 25], little is known of the generation, evolution, and distortion of these

coherent structures. Several studies show that boil-generating structures start as a

loop or horseshoe vortex [69, 104]. Best [24, 23] indicates that a vortex loop that

touches the free surface causes the upwelling motion, i.e. the boil. When the legs of

the vortex loop attach to the surface, vertical vortices are generated.

Kadota and Nezu [69] suggest that the vortices generated at the shear layer have

different morphology than those created after reattachment. They observed strong

upward-tilting streamwise eddies, called “kolk structures”, being generated at the

reattachment point and rising to the surface. The spacing between kolks seemed to be

narrower than that observed in previous experiments [81, 104, 108]. The periodicity

of such strong upwellings has been investigated by Babakaiff and Hickin [11], who

showed their wavelength to increase at low relative roughness (i.e., dune height to

flow depth) and become constant when the ratio exceeds 0.2.

Discussion on the generation of large vortex loops that cause the strong upwelling

at the surface is still inconclusive. Jackson [67] compared the frequency of bursting

events and boils at the surface and concluded that boils are caused by these near-wall

bursts. Müller and Gyr [104] proposed a mixing-layer analogy in which separated
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spanwise vortices at the crest undergo three-dimensional instabilities, which even-

tually cause hairpin-like vortices. The heads of these vortices are associated with

low-speed fluid that rises up to the surface and generates boils. Their model is sup-

ported by visualization technique. Other authors [69, 108] identified vortices in the

separated-flow region that move towards the reattachment point; they conjecture that

kolk-boil vortices are formed due to oscillations of the reattachment line, similar to

those that occur in the separated flow at a leading edge [31]; these vortices move to

the surface and cause the boils. Kadota and Nezu [69] performed flow visualization

and conditional sampling at very low Reynolds numbers to support this argument.

There are also qualitative descriptions of the mechanism in which vortex loops are

generated [24, 23, 127] that essentially conform to one of the above models.

The flow over river dunes has also been studied numerically, by the solution of

the Reynolds-averaged Navier-Stokes (RANS) equations [101, 154] and large-eddy

simulations (LES) [57, 137, 155, 156]. We concentrate on the large-eddy simulations,

since RANS solutions are unable to capture the turbulent eddies that are the focus

of the present work. Large-eddy simulation of turbulent flow and sediment transport

over large-scale ripples were carried out by Zedler and Street [157]. They solved an

advection-diffusion equation for the sediment transport that is sufficiently accurate at

low concentrations, but neglected the interaction of the sediment with the flow. They

observed the lifting of sediment in high shear-stress regions that move downstream

and upward.

Yue et al. [156] performed LES of the flow over typical 2D dunes using a level-set

function to account for the free-surface deformation. Periodic boundary condition in

streamwise and spanwise directions were applied. The domain had length Lx = 20h
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and width Lz = 7h, where h is the dune height. Two flow depths at the crest were

simulated: 6.6h and 3.24h, denoted as deep and shallow flows; the Reynolds number

(based on the flow depth and the surface streamwise velocity at the crest) was 58, 000

and 10, 700 for the two cases, respectively. In general, the first- and second-order

statistics were in good agreement with the experiments by Balachandar et al. [17].

The simulations showed upward-tilted vortices close to the free surface in the shallow

flow. Compared to the deep-flow simulation, more small-scale structures were present

on the surface of the shallow flow, which gave the appearance of roughness at the free

surface. The results showed that the interaction of the free surface and the flow

structures is significantly affected by the flow depth. The same authors subsequently

performed LES in nearly the same configuration, and visualized periodically flapping

spanwise rollers in the recirculation zone [155].

Stoesser et al. [137] also performed LES of flow over dunes with parameters similar

to those used by Yue et al. [155]: the dune wavelength was 20h, the maximum depth

was 4h, and Re = 25, 000 based on maximum depth and average bulk velocity. The

first- and second-order statistics agreed well with the experiments in the literature.

The simulations showed rollers at the crest that expanded to the size of the dune

height as they were convected towards the reattachment point. A few instantaneous

snapshots of spanwise vorticity and velocity vectors highlighted the upward movement

of vortices after the reattachment point. They concluded that the boils on the surface

were originally hairpin eddies generated in the reattachment region as a result of

secondary instabilities of rollers that are elongated in the streamwise direction and

tilted upward. However, the instantaneous visualizations of velocity fluctuations do

not show a strong upwelling at the surface, but rather a structure more similar to the
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smaller, weaker boils that occur at the surface of open-channel flows over flat surfaces

[83].

More recently, Grigoriadis et al. [57] performed LES of the flow in the geometry

studied experimentally by Kadota and Nezu [69]. The dune wavelength was 20h and

the maximum flow depth was 4h. Two cases were studied, with Reynolds numbers

(based on average flow depth and mean bulk velocity) equal to 17, 500 and 93, 500.

They examined the turbulent eddies in more detail than previous investigators. Their

results, however, differ somewhat from previous experimental and numerical observa-

tions: in their simulations the horseshoe structures did not reach the surface. They,

however, observed kolk vortices generated by the interaction between streamwise vor-

tices that reach the dune crest from upstream and rollers generated at the crest. Kolk

vortices were found to last for long times, and were the most significant structure ob-

served at the surface in their simulations.

Despite the experimental and numerical investigations of this problem, several

questions remain open: what are the large structures in the flow and why are they

different in the experiments and simulations? Are the large-scale structures at the

surface generated in the shear layer or in the attached region? What are the statistics

and dynamics of these structures? How do they interact with the surface? Another

feature of interest in these flows, and one that has been studied considerably less

frequently, is the near-wall turbulence structure. Are the near-wall eddies similar

to those that occur in other canonical wall-bounded flows, or are they affected by

separation, reattachment, curvature of the bed, and pressure gradient that occur on

the upward-sloping surface (the “stoss” side)? The present work tries to answer some

of these questions. We focus on the dynamics of the large-scale and near-wall coherent
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structures to understand their signatures.

In the following, we begin by presenting the problem formulation and the nu-

merical method used. Then, in Section 2.4, mean flow statistics are compared with

previous experiments and simulations in the literature to validate this work; then the

large coherent structures at the surface and the near-wall turbulence are investigated

in more details. Concluding remarks and recommendations for future work will end

the article.

2.3 Problem Formulation

In large-eddy simulations, the velocity field is separated into a resolved (large-scale)

and a subgrid (small-scale) field, by a spatial filtering operation [88]. The non-

dimensionalized continuity and Navier-Stokes equations for the resolved velocity field

are

∂ui
∂xi

= 0 (2.1)

∂ui
∂t

+
∂uiuj
∂xj

= −∂P
∂xi
− ∂τij
∂xj

+
1

Reb

∂2ui
∂xj∂xj

(2.2)

where Reb = UbHb/ν, Hb is the average channel depth, and Ub is the average velocity

at the location of average depth. x1, x2 and x3 are the streamwise, wall-normal and

spanwise directions, also referred to as x, y and z. The velocity components in these

directions are, respectively, u1, u2 and u3 (or u, v and w). An overline denotes a

filtered quantity, and τij = uiuj − uiuj are the subgrid stresses, which were modeled
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using an eddy-viscosity assumption

τij − δijτkk/3 = −2νTSij = −2C∆
2|S|Sij. (2.3)

Here, ∆ = 2 (∆x∆y∆z)1/3 is the filter size, Sij = (∂ui/∂xj + ∂uj/∂xi) /2 is the

resolved strain-rate tensor and |S| =
(
2SijSij

)1/2
is its magnitude. The coefficient C

is determined using the dynamic model [53] with the Lagrangian averaging technique

proposed by Meneveau et al. [102], and extended to non-Cartesian geometries by

Jordan [68] and Armenio and Piomelli [6].

The governing differential equations (2.1) and (2.2) are discretized on a non-

staggered grid using a curvilinear finite-volume code. The method of Rhie and Chow

[120] is used to avoid pressure oscillations. Both convective and diffusive fluxes are

approximated by second-order central differences. A second-order-accurate semi-

implicit fractional-step procedure [74] is used for the temporal discretization. The

Crank-Nicolson scheme is used for the wall-normal diffusive terms, and the Adams-

Bashforth scheme for all the other terms. Fourier transforms are used to reduce

the three-dimensional Poisson equation into a series of two-dimensional Helmholtz

equations in wave-number space, which are solved iteratively using the BiConjugate

Gradient Stabilized method. The code is parallelized using the Message-Passing In-

terface and the domain-decomposition technique, and has been extensively tested for

turbulent flows [118, 119, 131, 132].

Dunes are known to reach a periodic equilibrium shape [18, 67] in the case of

steady unidirectional flows, with a wavelength equal to 5-6 times the flow depth, and

height equal to 1/4 of the flow depth. For this reason, most dune shapes studied

experimentally and numerically are quite similar. We use the geometry studied by
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Figure 2.1: (a) Sketch of the physical configuration (every fourth grid line is shown),
and (b) bed geometry.

Balachandar et al. [18] and Stoesser et al. [137]. The computational configuration is

sketched in Figure 2.1. Periodic boundary conditions are used in the streamwise (x)

and spanwise (z) directions. The flow is driven by a pressure gradient that maintains

a constant flow-rate in time. The free surface is assumed to be rigid and free of shear

stress: the wall-normal velocity is set to zero, as are the vertical derivatives of the

streamwise and spanwise velocity components. The surface deformation is reported to

be small (less than 2.0% of the flow depth) in experiments [69, 94, 98] and simulations

[137, 155]. Therefore, the free-slip condition is expected to have small effects on the

statistics and on the evolution of significant structures. The Reynolds number is

18, 900 based on the channel average height and average velocity at the cross section

with height h.

An orthogonal mesh is generated using a hyperbolic grid-generation technique.

The resolution of the basic simulation is the same as that used by Stoesser et al.
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[137], but the computational domain is twice as wide as that used in that study;

thus, the number of points used is 416 × 128 × 384, twice as many as those used in

[137]; the grid spacings in local wall units are ∆s+ ≈ 12.9 (streamwise), ∆z+ ≈ 6.0

(spanwise), and 0.1 < ∆n+ < 12.1 (wall normal). Note that the grid spacings

above are comparable to those used in many Direct Numerical Simulations of the

Navier-Stokes equations. A grid-sensitivity analysis was performed with resolutions

of 240× 96× 200, 416× 128× 384, and 640× 180× 640, and grid convergence of the

statistics was verified: first- and second-order statistics were within 5% of each other

for all resolutions. Only the results obtained with the intermediate grid resolution

are shown in the following.

Since this study focuses on the larger flow structures, we examined the spanwise

autocorrelation function

Rαα(r) =
〈u′α(x, y, z)u′α(x, y, z + r)〉
〈u′α(x, y, z)u′α(x, y, z)〉

(2.4)

(where u′i = ui − 〈ui〉 are the velocity fluctuations, 〈·〉 represents an average in time

and spanwise direction, and no summation is implied over Greek indices) to ensure

that the domain width was sufficient to include the largest structures at the surface.

This quantity is shown in Figure 2.2 for a calculation that used the same domain

width as [137], and for one that is twice as wide. While the near-wall eddies can

be resolved adequately by a smaller domain, a domain of at least 8h is necessary to

allow the development of the larger coherent structures at the surface. As a result,

we employed a computational domain that is twice as wide as that used in [137], and

four times as wide as that employed by [57].

The equations were integrated in time for 100h/Ub time units to remove transient
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Figure 2.2: Spanwise velocity autocorrelation function at two points in the x − y
plane (15h, 1h) and (15h, 3.75h); close to the wall; close to the surface; the
lines correspond to the wide domain, lines and crosses to the narrow one. (a) Ruu,
(b) Rvv, (c) Rww.

effects. Then statistics were accumulated over 1000h/Ub time units. To increase the

sample size, averaging was also performed in the spanwise direction. To verify the

adequacy of the sample, we compared statistics obtained using only half of the sample

with those obtained using the complete sample, and found that the mean velocities

differed by less than 0.1%, and the rms intensities by less than 0.5%.

2.4 Results

2.5 Mean Flow

The accuracy of the simulations was first verified by a grid-refinement study and by

comparing statistics with simulation and experiment reported by Stoesser et al. [137].

Figure 2.3 shows contours of averaged streamwise velocity, 〈u〉, wall normal velocity,

〈v〉, pressure, 〈p〉, and Reynolds shear stress, −〈u′v′〉. The flow separates at the dune

crest and reattaches downstream on the bed, creating a recirculation region. The

pressure contours show a favorable pressure gradient that accelerates the flow over
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−〈u′v′〉

〈p〉

〈v〉

〈u〉

Figure 2.3: Contours of the average (a) streamwise velocity, 〈u〉, (b) wall normal
velocity, 〈v〉, (c) pressure, 〈p〉, and (d) Reynolds shear stress, −〈u′v′〉.

the stoss-side (the upward-sloping region for x > 8h) and an unfavorable gradient for

x < 8h. Due to the separation of the flow, a shear layer is generated after the crest

that expands in the wake region towards the next dune.

In Figures 2.3 and 2.4(a), streamlines are shown to visualize the averaged recir-

culation zone in the lee-side. Comparison between this simulation and the literature,

as well as the results of the grid refinement study, are shown in Figure 2.4(a). The

velocities are normalized with the bulk velocity at the last vertical line in 2.4(a).



CHAPTER 2. LES OF 2D DUNES 42

Excellent agreement is obtained with the previous simulation, and between meshes,

indicating that the intermediate grid results are fine enough for convergence of statis-

tics. Note that, as mentioned in the paper by Stoesser et al. [137], the experimental

data is not reliable in the wake area due to some inconsistencies in the measurements

(mass conservation is not satisfied). Also in Figure 2.4(c), the Reynolds shear stress

is compared along six vertical lines specified in Figure 2.4(a). Overall good agreement

is obtained with experiments and with the simulation by Stoesser et al. [137].

Figure 2.5 shows the streamwise development of the wall stress τw and the accel-

eration parameter

K =
ν

U2
∞

dU∞
dx

, (2.5)

as well as profiles of mean velocity and q2 = 〈u′iu′i〉 (twice the turbulent kinetic energy)

at several locations on the stoss side. Quantities denoted by a plus are normalized

using the viscosity ν and the local friction velocity (calculated at the same x location

as the lines) uτ = (τw/ρ)1/2, and y+ = yuτ/ν. The wall shear stress becomes negative

immediately downstream of the crest. Note the localized peaks that correspond to

discontinuities in the slope of the dune. The acceleration parameter shows a region of

adverse pressure gradient (from the dune crest to x/h ' 9) followed by a favorable-

pressure-gradient region. K never reaches the critical value where the flow is expected

to begin to re-laminarize [136], Kcrit ' 2.75× 10−6. For the values of K encountered

on the stoss side, the pressure-gradient effects are not expected to be large, and the

flow is dominated by the reattachment, and recovery towards equilibrium.

The average reattachment point is at x/h ' 5.7, close to the value predicted by

Stoesser et al. [137], and in the range of other experiments and simulations [57, 69]

(x/h ' 4 − 6), but smaller than the backward-facing step and separation bubble
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Figure 2.4: (a) Average streamlines; the vertical lines indicate the position of the
profiles in (b-c), from left to right: x/h = 2.5, 4.5, 5.5, 6.5, 12.5, 18.5; (b) streamwise
velocity profiles; (c) profiles of Reynolds shear stress; each profile is shifted to the right
for clarity. Present simulation, intermediate mesh; present simulation,
fine mesh; LES [137]; • experiment by Polatel cited in [137].
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Figure 2.5: (a) Mean flow streamlines; (b) Wall stress τw and acceleration
parameter K; (c) mean velocity profiles in wall units on the stoss side and on the
dune crest; (d) profiles of q2 in wall units on the stoss side and on the dune crest.
The profiles are taken at the locations shown by vertical lines in part (b) (x/h =
0, 8, 13, 18).
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experiments [5, 77]. This is due to the convergence of the flow on the stoss side of the

dune and the associated favorable pressure gradient result. Shortly after the reattach-

ment, the wall stress is still very low, and the turbulent kinetic energy is dominated

by the free shear layer, which causes an outer-layer peak. Further downstream the

velocity profiles take the shape also observed in the recovery region downstream of

a backward-facing step (see Figure 19 in [87]). The recovery of the logarithmic layer

appears, however, faster than in the backward-facing step, perhaps because of the

flow acceleration. At x/h ' 13 we observe a two-layer structure in the profile of

q2: the outer-layer peak due to the shear layer is still dominant, but an inner layer

is beginning to be re-established, with a near-wall peak of turbulent kinetic energy.

By x/h ' 18 the outer peak has been damped, while the inner one has reached the

value and location (q2+ ' 12 at y+ = 16) typical of attached boundary layers. Note,

however, that even at the dune crest some remnant of the detached shear layer can

be observed (the contours of the Reynolds shear stress shown in Figure 2.3(d) also

present the same feature), indicating that the effect of the separation is felt over dis-

tances longer than the dune wavelength, and that the flow in one dune is affected by

the separation in the preceding one.

2.6 Turbulent Kinetic Energy Budgets

The transport equation for the resolved turbulent kinetic energy is:

0 = −Uj
∂k

∂xj
+ P + T + Π +D + ε (2.6)
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where

P = −〈u′iu′j〉
∂Ui
∂xj

, (2.7)

T = − ∂

∂xj

[
1

2
〈u′iu′iu′j〉+ 〈u′iτ ′ij〉

]
, (2.8)

Π = −1

ρ

〈
u′i
∂p′

∂xi

〉
, (2.9)

D =
2

Reb
∇2k, (2.10)

ε = −ν
〈
∂u′i
∂xj

∂u′i
∂xj

〉
+

〈
∂u′i
∂xj

τ ′ij

〉
, (2.11)

are the production, turbulent transport, pressure transport, viscous diffusion and

dissipation, respectively.

Figure 2.6 shows the terms in turbulent kinetic energy budget, normalized by

U3
b /h. Almost all terms are important in the wake and shear layer generated as a

result of the separation of flow at the crest, while dissipation and production are the

most important terms in the attached-flow regions. The mean flow advects energy

from the shear layer towards the wall, and also towards the downstream dune. Due to

a large streamwise velocity gradient around the reattachment point, the production

term is negative there. A region with negative turbulent transport is located between

two regions with positive transport, one near the wall and the other near the bulk

flow. This behavior was also observed in the separated region of the flow in an S-

shaped duct by Silva Lopes et al. [132]. A positive and a negative region of turbulent

transport extend towards the downstream dune; the positive region also extends to

the free surface. Pressure transport and viscous diffusion are not as strong as other

mechanisms, although they are more significant in the shear layer. Pressure transports



CHAPTER 2. LES OF 2D DUNES 47

Figure 2.6: Turbulent kinetic energy budgets: production, dissipation, mean-flow
advection, turbulent transport, pressure transport, and viscous diffusion terms; mean-
flow streamlines and the zero contour line are shown by black and magenta lines,
respectively.
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energy from the outer layer to the inner layer around the reattachment point.

2.7 Turbulence Structure

Figure 2.7 shows contours of streamwise velocity fluctuations u′ on a plane close to

the wall, comparing the flow behavior on the dune with that in an open channel

with a flat bed. The latter has the well-known structure of attached wall-bounded

flows, with alternating low- and high-speed streaks. The dune shows a rather different

behavior. First, the separation zone on the lee-side of the dune is characterized by

large, spanwise-oriented eddies (similar to those observed in a backward-facing step

by Le et al. [87]). Secondly, instead of alternating high- and low-speed streaks, we

observe streamwise-oriented stripes of low-speed streaks alternating with stripes of

high-speed ones. This pattern is due to the presence of large longitudinal vortices on

the stoss side of the dune. To visualize these structures, we show, in Figure 2.8 the

secondary-flow streamlines and contours of wall-normal velocity fluctuations. These

quantities were averaged over a short time, approximately 20h/Ub, to visualize better

the large vortices, which tend to meander. We clearly observe very large structures, of

the order of the flow depth. At least two pairs of counter-rotating vortices are present

on average, and are similar to the structures that have been observed in experimental

and numerical studies of the flow over concave surfaces [19, 92, 103]. The size of these

eddies is of the order of the flow depth, similar to what was observed in the flow over

smooth wavy channel [55] and hills [50].

The two-point spanwise correlations on the stoss side, shown in Figure 2.9 for

the streamwise and wall-normal velocity components (again averaged over a short

time only), also show the signature of these large structures, as well as the streaky
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Figure 2.7: Contours of streamwise velocity fluctuations on a plane parallel to the
bed 5 wall units away from the solid wall. (a) Open-channel; (b) dune.

Figure 2.8: Secondary-flow streamlines in the yz-plane at x = 15h, superposed on
the contours of short-time averaged wall-normal velocity fluctuations.
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Figure 2.9: Spanwise auto-correlations at three points on the stoss side at x/h = 12.8.
Ruu; Rvv.

structures in the near-wall region. Near the wall Rvv has a negative minimum, sim-

ilar to the canonical boundary layer behavior, and reflecting the effect of the quasi-

streamwise vortices (the point where the minimum occurs corresponds to half of the

streak spacing [75]). Ruu, on the other hand, shows the structure typical of flows with

two distinct length scales, in a ratio of approximately 4:1. Away from the wall the

longitudinal vortices result in a negative peak of the spanwise autocorrelation, which

occurs for a separation z/h = 4, corresponding to the two vortex pairs observed in

Figure 2.8.

Figure 2.10 shows the outer-layer structures at an instant in time. Spanwise

vortices are generated in the shear layer separating from the crest due to the Kelvin-

Helmholtz instability. They are convected downstream and either interact with the

wall or rise to the surface, taking the form of large horseshoe-like structures. These

structures may undergo an intense distortion, become one-legged or be completely

destroyed. The region behind the head (and between the legs) of horseshoe vortices
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Figure 2.10: Instantaneous isosurfaces of pressure fluctuation colored with height.

is generally characterized by an intense Q2 event (where u′ < 0 and v′ > 0), as shown

in Figures 2.11-2.13, where the velocity fluctuation vectors in a xy-plane are also

shown. Initially (Figure 2.11(a)) small ejections occur after the crest that results in

the generation of a small spanwise vortex, which grows as it is advected downstream

(Figure 2.11(b)). It also becomes three-dimensional, taking a hairpin-like shape (Fig-

ures 2.11(b,c)). As it grows to dimensions comparable to (or larger than) the flow

depth, a strong ejection occurs between the legs (Figure 2.11(c)). When interact-

ing with other vortices, it may merge with them, (Figure 2.11(d)-2.12(c)) or destroy

them. If the structure survives it becomes larger and rises up along the shear layer

(Figures 2.12(d)-2.14(d)).

As illustrated in Figure 2.15, the same structure is elongated and tilted downward

as it rises to the surface; eventually its tip touches the surface. This development is
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Figure 2.11: Evolution of a large horseshoe structure; the time interval between
snapshots is 1.5h/Ub; vectors of velocity fluctuations are shown on a vertical plane at
z = 10.7h for every 5 grid points.
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Figure 2.12: (continued Figure 2.11).
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Figure 2.13: (concluded Figures 2.11 and 2.12).
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similar to that observed for horseshoe vortices in open-channel flow over a smooth

bed, where Q2 events happen between the vortex legs, while Q4 events (u′ > 0 and

v′ < 0) are found outside the legs [1]. The vortex is originally vertical (see Figure

2.13), but is later tilted downward (see Figure 2.15) forming an angle between 40o

and 60o with respect to the xz−plane (Figure 2.16). The signatures of Q2 and Q4

events are also illustrated by the three-dimensional vectors on the inclined plane in

this figure.

As the vortex loop is convected downstream it becomes elongated and distorted.

Its legs reach the surface, creating an upwelling, which expands and weakens. Figure

2.17 shows pressure-fluctuation isosurfaces at four instants. Since the tip of the

structure is distorted faster, in the last image it is no longer visible with the p′ value

used. The legs of the vortex loop remain coherent for a longer time, and generate

vertical vortices around the boundaries of the boil. This surface behavior was also

observed by Best [24] in field and laboratory observations at larger Reynolds numbers.

As mentioned before, among the most characteristic events due to the coherent

structures in the flow over dunes are the boils, upwelling motions at the water sur-

face. Since in the present calculation the free-surface is rigid, we cannot observe true

upwelling motions. We can, however, still identify boil-like events through various

surrogate quantities. First we considered the pressure: since the boil occurs due to

an upward motion, which in this calculation is limited by the rigid surface, we expect

boils to be accompanied by significant positive pressure fluctuations p′. Second, by

continuity the upwelling motion resolves into lateral motions on the surface; thus, the

planar part of the velocity-fluctuation divergence, ∂u′/∂x+∂w′/∂z, is expected to be

large and positive. The fluctuating velocity vectors in the free-surface plane are also
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Figure 2.14: Convection of a large horseshoe structure downstream; the time interval
between snapshots is 1.5h/Ub; these snapshots are at the same instants as Figures
2.12(d)-2.13(d), except for the last one, 2.15(a) , which occurs 1.5h/Ub time units
after 2.15(b).



CHAPTER 2. LES OF 2D DUNES 57

Figure 2.15: (concluded Figure 2.14).

Figure 2.16: Visualization of the flow near a large horseshoe structure when it touches
the surface.
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Figure 2.17: Interaction of the vortex loop with the free surface. The time step be-
tween snapshots is 3h/Ub. The first snapshot is 3h/Ub later than the instant in Figure
2.16. The horseshoe vortex indicated by an arrow in (a) and (b) is reintroduced into
the domain by the periodic boundary conditions in (c) and (d). Pressure isosurface
levels are p′ = −0.08 in (a) and (b), −0.06 in (c) and −0.04 in (d).
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expected to be oriented radially from the center of the boil. Finally, the turbulent

kinetic energy (TKE) K = 〈u′iu′i〉/2, is expected to be large at the edge of the boil

where the flow downdrafts (appearing as surface waves in observations by Best [24]).

In Figure 2.18 we show contours of these quantities on the free surface, at a time

corresponding to Figure 2.17(b). We observe a region of negative p′ where the head

of the horseshoe vortex contacts the surface and, immediately upstream of the con-

tact point, the positive p′ region associated with the impingement region. Consistent

with the expected behavior, the planar divergence and K are large, and the velocity

vectors are oriented radially.

If we compare the signature of boils in the flow over dunes with that over a smooth

bed (Figure 2.19), we observe the same qualitative features; the signature of the boils

is, however, stronger for the dune flow (the values of pressure and TKE, and the

vector magnitudes are higher in the dune geometry). Furthermore, at the surface of

the open-channel flow over the smooth bed, the size of the boils that develop is smaller

than for the flow over dunes: much larger and stronger boils are generated by the large

horseshoe-like structures present when water flows over dunes (Figure 2.20). Over a

hundred snapshots, covering almost 400h/Ub time units, have been observed for both

geometries in order to examine the size of these events at the surface. Consistent

with experimental observations [127], we find that in the dune case these events may

be larger than the flow depth (∼ 8h in Figure 2.20), while when the bed is smooth

they are at most in the size of the boils shown in Figure 2.19(d) (∼ 3h).

We conclude that, while all the criteria above can be used, the pressure fluctua-

tions (with the positive value identifying the center of the boil) and the divergence

of the velocity vectors are the most reliable identifiers. We use a threshold p′ > 0.08,
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Figure 2.18: Identification of a boil at the surface of flow over dune bed using (a)
pressure fluctuations p′, (b) planar fluctuating velocity divergence ∂u′/∂x + ∂w′/∂z,
(c) turbulent kinetic energy K, (d) fluctuating velocity vectors.
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Figure 2.19: Identification of a boil at the surface of flow over a flat-bed open channel
using (a) pressure fluctuations p′, (b) planar fluctuating velocity divergence ∂u′/∂x+
∂w′/∂z, (c) turbulent kinetic energy K, (d) fluctuating velocity vectors.
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Figure 2.20: Fluctuating velocity vectors at the free surface of dune geometry. The
size of a boil at an instant is shown by a purple circle.

(a) (b)

Figure 2.21: (a) Probability-density function (PDF) and (b) cumulative density func-
tion (CDF) of p′ at the surface.

chosen from an exam of the probability-density function (PDF) and cumulative den-

sity function (CDF) of the pressure at the surface averaged over the entire free surface

and time (shown in Figure 2.21), which shows that this criterion identifies only the

strongest pressure events at the surface.

Based on the considerations above, we identified a boil as a connected region

in which the fluctuating pressure is greater than 0.08. We considered 10,000 flow

realization, covering a total time 1, 000h/Ub (50 flow-through times), and observed
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Figure 2.22: Number of boils observed in the computational domain over a time
1, 000h/Ub at the surface. Total boils observed; boils observed for the first
time. The thin lines represent the average value of the thick curve.

boils in 50% of the fields considered. The spatial distribution of boils of a given

threshold (Figure 2.22) is very non-uniform: in the region between x = 16h and

2h (over the latter part of the stoss side and the dune crest) the number of boils

observed was much above the average value. Correspondingly, fewer boils appeared

on the lee side and near reattachment. We also separated the boils that occurred for

the first time from those that were present in previous realizations, and were advected

from one realization to the next. The number of first occurrences is also shown in

Figure 2.22, and also shows a non-uniform distribution. The lifetime of the boils is

of the order of 1-2 flow-through times (20 − 40h/Ub); however, as they are advected

downstream, the boils become weaker, and cannot be detected any longer with the

same threshold (although they would still appear if the p′ threshold is decreased).

Boils are associated with very significant transport of mass [67, 81, 95, 124], mo-

mentum and energy; this explains their importance, despite the relatively low fre-

quency of their occurrence. Figure 2.23 shows one horseshoe responsible for a boil,
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Figure 2.23: Isosurfaces of pressure fluctuations, and contours of the ratio of local
turbulent kinetic energy to its average value at the same location.

together with contours of the local turbulent kinetic energy, u′iu
′
i/2, divided by the av-

erage TKE at that location, K. The horseshoe vortex is associated with values of the

turbulent kinetic energy 15 times larger than the mean, and values of the Reynolds

shear stress u′v′ (not shown) over 40 times the mean value.

A more quantitative description of the turbulent events that occur in the flow

over dunes can be obtained from quadrant analysis. We have considered the velocity

fluctuation components parallel and normal to the mean-flow streamlines (which will

be called us and un respectively). Following [112], in Figure 2.24 we show the co-

variance integrands of parallel and normal velocity fluctuations, u′su
′
nP (u′s, u

′
n), where

P (f, g) is the joint probability density function of f and g, along three vertical lines

at the dune crest, near the time-averaged reattachment point and on the stoss side.

They are compared with the same quantities measured at homologous points (the

distance to the wall normalized by local depth, Di, being equal for the two cases) in
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Figure 2.24: Covariance integrands of u′ and v′. Average distances from the wall are
0.02Di for points 1, 4, 7 and 10, 0.4Di for points 2, 5, 8 and 11, and 0.97Di for points
3, 6, 9 and 12. Points 10, 11 and 12 belong to an open-channel flow simulation over
a flat bed.
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the open-channel flow over a flat bed.

In plane-channel, the near-wall behavior is dominated by the streaky structures,

which result in an elongated shape of the covariance integrand (the streamwise fluc-

tuations are larger than the wall-normal ones); a predominance of Q4 events (fourth

quadrant, u′s > 0 and u′n < 0) is also expected (point 10 in Figure 2.24) [112]. In

the dune flow, this behavior is observed in the attached flow near the crest (point

1) and on the stoss side (point 7); in the reattachment region a more symmetrical

pattern is observed, due to the impingement of shear-layer eddies. While the range of

wall-parallel fluctuations is the same for the flow over dunes and over a flat wall, the

wall-normal fluctuations are larger by a factor of approximately two. At mid-depth

(points 2, 5, 8 and 11) ejections (u′s < 0 and u′n > 0) are more dominant both in

the plane channel and over the dunes. The range of the normal fluctuations is again

larger in the dune case than for the flat-bed open channel flow, and very strong ejec-

tions are observed at points 5 and 8, which correspond to the maximum frequency of

boil presence (Figure 2.22). These turbulent events are dominant in the shear layer

[20, 105]. Strong ejections are also observed at the surface, especially over the stoss

side and the dune crest (points 6 and 9).

Since large coherent vortices are associated with low pressure [122], the path of the

horseshoe-like vortices responsible for the boils can also be tracked by computing the

probability of the instantaneous pressure being highly negative (less than −5prms).

The number of events at which this condition is met is shown in Figure 2.25(a).

Strong horseshoes are convected downstream and upward towards the surface, and

reach the free surface at the end of stoss side. This result is consistent with the

quadrant analysis shown earlier, and indicates that large boils at the surface are
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caused by attachment of horseshoe-like structures at the surface, and these structures

are originally generated as a result of separation of the flow at the crest.

The pressure spectra at several points in the flow are shown in Figure 2.25(b).

The Strouhal number is defined as St = fh/Uo, where Uo is the free-stream velocity

on the crest (at x = 0.5h). At points 1 to 5, which were chosen along the crest

of the probability of p′ < −5prms events, we observe a secondary spectral peak at

St ' 0.08, which reflects the shedding frequency (as observed in studies of backward-

facing step [87, 133] and previous dune flow simulations [57]). It is also in the range

of the measurements by Venditti and Bauer [144] as well as the range proposed by

Jackson [67], St = 0.04− 0.11. Points 6 to 8, which are outside the path, do not have

a peak at this frequency. Points 6 and 7, in the reattachment region, show a peak

at a lower frequency, St ' 0.065. This result is consistent with the hypothesis that

the boil-generating horseshoe vortices are generated from the vortex shedding that

occurs in the separated shear layer and supports the mechanism proposed by Müller

and Gyr [104], rather than the near-wall [67] or reattachment point [69] conjectures.

2.8 Conclusions

We performed large-eddy simulation of the flow over two-dimensional dunes at lab-

oratory scale (the Reynolds number based on the average channel height and mean

velocity is 18,900). The mean flow separates at the crest and reattaches 5.2h down-

stream on the stoss side of the dune. Overall good agreement is obtained between this

simulation and experiments and simulations reported in the literature. After separa-

tion, the return-to-equilibrium is similar to that observed in other flows of this type

(backward-facing step for instance). The favorable pressure gradient on the upward
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Figure 2.25: (a) Contours of the number of occurrence of the event p′ < −5prms over
10, 000 snapshots covering 1000h/Ub time units; (b) pressure spectra at the points
marked in (a); each curve is shifted downward by a factor of 10 for clarity.
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slope does not play a major role in the recovery.

Turbulent kinetic energy budgets show the importance of turbulent transport and

mean-flow advection at the top of the shear layer caused by the separation of the flow

at the crest. In the recirculation zone and in the attached boundary layers production

and dissipation are the most significant terms in the energy budgets.

Near-wall turbulence is strongly affected by the shape of the bed after the reat-

tachment point. Disturbances on the concave part of the stoss side cause streamwise

Taylor-Gortler vortices to be generated. These vortices cause more coherent organized

elongated streaks close to the wall in contrast to the streaks in turbulent boundary

layer.

The flow over two-dimensional dunes has unique characteristics among open-

channel flows because of the presence of spanwise vortices in the separated shear

layer generated by the Kelvin-Helmholtz instability. We linked these vortices to the

surface boils by an exam of instantaneous flow visualizations, quadrant analysis and

through the pressure spectra.

Flow visualizations show the birth and evolution of large eddies, which are formed

when the spanwise vortices in the shear layer undergo lateral instabilities that form

an inclined horseshoe-like vortex. This is also supported by power spectra and con-

ditional sampling of the signatures of these vortices. This conclusion confirms the

model proposed by Müller and Gyr [104]. Between the legs of these vortices, strong

ejections occur (with u′v′ over 40 times and turbulent kinetic energy over 15 times

larger than the local mean). When these eddies reach the surface, the ejection causes

a local stagnation point on the surface, with divergent streamlines, similar to those

observed in the field when boils occur. The edges of the boil are characterized by
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large values of the turbulent kinetic energy, and are much larger than those normally

observed in open-channel flow over a smooth bed.



Chapter 3

Large-eddy simulation of

three-dimensional dunes in a

steady, unidirectional flow. Part 1:

Turbulence statistics.

3.1 Abstract

We performed large-eddy simulations of flow over a series of three-dimensional dunes

at laboratory scale (Reynolds number based on the average channel depth and stream-

wise velocity was 18,900) using the Lagrangian dynamic eddy-viscosity subgrid-scale

model. The bedform three-dimensionality was imposed by shifting a standard two-

dimensional dune shape in the streamwise direction according to a sine wave. The

71
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statistics of the flow are discussed in ten cases with in-phase and staggered crest-

lines, different deformation amplitudes and wavelengths. The results are validated

qualitatively against experiments. The three-dimensional separation of flow at the

crestline alters the distribution of wall pressure, which in turn may cause secondary

flow across the stream, which directs low-momentum fluid, near the bed, toward the

lobe (the most downstream point on the crestline) and high-momentum fluid, near

the top surface, toward the saddle (the most upstream point on the crestline). The

mean flow is characterized by a pair of counter-rotating streamwise vortices, with

core radius of the order of the flow depth. However, for wavelengths smaller than

the flow depth, the secondary flow exists only near the bed and the mean flow away

from the bed resembles the two-dimensional case. Staggering the crestlines alters the

secondary motion; the fastest flow occurs between the lobe and the saddle planes,

and two pairs of streamwise vortices appear (a strong one, centred about the lobe,

and a weaker one, coming from the previous dune, centred around the saddle). The

distribution of the wall stress and the focal points of separation and attachment on

the bed are discussed. The sensitivity of the average reattachment length, depends on

the induced secondary flow, the streamwise and spanwise components of the channel

resistance (the skin friction and the form drag), and the contribution of the form drag

to the total resistance are also studied. Three-dimensionality of the bed increases the

drag in the channel; the form drag contributes more than in the two-dimensional case

to the resistance, except for the staggered-crest case. Turbulent-kinetic energy is in-

creased in the separated-shear layer by the introduction of three-dimensionality, but

its value normalized by the plane-averaged wall stress is lower than in the correspond-

ing two-dimensional dunes. The upward flow on the stoss side and higher deceleration
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of flow on the lee side over the lobe plane lift and broaden the separated-shear layer,

respectively, affecting the turbulent kinetic energy.

3.2 Introduction

The interaction of a turbulent flow with a mobile sand bed results in a deformation

of the bed, whose shape depends on the amount of sand available and on the flow

properties. At stable flow conditions in rivers with mobile sand bed, equilibrium bed

shapes are eventually reached from an arbitrary bedform; at sub-critical flow-rates,

they are called either ripples or dunes [141]. Ripples are small-scale (compared to

the flow depth) deformations, and can be treated as increased roughness that does

not affect turbulence far from the bed. Dunes, on the other hand, are large-scale

deformations that affect turbulence throughout the depth. At higher flow velocities

(hence larger Froude numbers) ripples are transitioned to dunes, where the dominant

sediment transport mechanism is bed-load transport [153]. Dunes have asymmetric

shapes in the streamwise direction with a sharp downward slope called “lee side” and

a gentle upward slope called “stoss side” [80].

We concentrate here on dune dynamics, although many of the features also apply

to ripples. Dunes can take two-dimensional (2D) or three-dimensional (3D) shapes.

In rivers, at low flow-discharge rates, 2D dunes are formed with regular wavelength

and height. The time required for dunes to be generated at steady flow conditions is at

most a few hours [146]. At high velocities and Reynolds numbers, on the other hand,

dunes have highly sinusoidal or irregular crestlines [7]. The Reynolds number is not

the only factor to determine the shape of the bed. Modifications in flow structures,

such as geometry changes by an object or turbulence-induced secondary flows, can
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trigger modifications in the bedforms that eventually result in 3D dunes [3]. The

total amount of transported sediment, which is a function of the bed shear stress and

time, plays a major role in evolution of 3D bedforms [8, 9, 10].

The transition from one bedform to another may be caused by an increase of a

few cm/s in the flow velocity [146], but usually occurs gradually, like the transition

of ripples to dunes [21, 121, 125]. In general, the transition of a bedform depends

both on the flow-rate and the time required for the bed defects to grow. The reason

3D bedforms exist at high flow discharge may simply be that it takes less time to

move the sediment required for the transition [146]. Even bedforms developed in

wide flumes may become 3D over time; therefore, the idea that persistent 2D features

develop at lower flow strengths is not completely true [146], and may be due to the

run-times used in some experiments, which may be too short to allow the transition

to 3D bed forms, as shown by the transition of 2D to 3D ripples over time [8, 9, 10].

Another possible reason why stable 2D bedforms have been reported is the use of

narrow flumes, since the mean eddy size is of the order of the flume width, and 3D

morphology could not easily be established [146]. Sometimes the three-dimensionality

of dunes is negligible compared to the height of the bed, hence they are considered

as 2D, especially in field studies [11].

Although flow over dunes has been extensively studied in field experiments [11,

20, 25, 28, 47, 51, 67, 79, 80, 81, 95, 123], fixed 2D dunes have been the focus of

the studies in laboratory experiments [16, 18, 63, 69, 104, 107, 127, 145], numerical

simulations [57, 110, 117, 127, 137, 154, 155, 156], as well as theoretical studies [99,

100, 106]. A comprehensive review of literature on dunes is given by Best [23]. The

flow separates at the dune crest, generates a shear layer that plays a crucial role in the
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transport of momentum and energy, and the generation of coherent structures [110].

An internal boundary layer is developed after reattachment on the stoss side, and

a wake region behind the recirculation zone extends toward the downstream dune.

The flow decelerates over the lee side and then accelerates over the stoss side. These

characteristics of the mean flow and statistics were common in almost all turbulent

flow studies of 2D dunes [144].

Although 3D dunes exist almost everywhere in rivers, the effects of their geometry

on flow dynamics are still unknown. As stated by Best [23], the relation between

boundary shear stress, turbulence statistics, and three-dimensionality of dunes must

be studied to explore the morphology mechanics and channel resistance in rivers, to

help us understand the transition from 2D to 3D dunes. In this work, we perform

a numerical study of this problem, to investigate the sensitivity of fluid mechanical

parameters to 3D parameters of bed forms.

The early work of Allen [3], who presented a variety of three-dimensional bedforms

and their near-bed streamlines, revealed insights into the bed deformation properties

observed in nature. The quantitative study of the turbulent flows over 3D bedforms,

however, did not begin until the past decade, when Zedler and Street [157] conducted

a numerical study of the flow over small-scale wavy 3D bed deformations. They were

able to resolve near-bed Görtler vortices, which accumulate sediment in areas with

upward mean-flow motion.

Maddux et al. [93, 94] examined the flow over straight-troughed dunes with 180o

out-of-phase sinusoidal cross-stream variation in dune height. By maintaining a con-

stant lee slope, the fixed dune crests curved across the channel forming saddles at

elevated crest points, and lobes at shortened crest points. The length of dunes was
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20h, where h is the average dune height. A cosine wave was imposed on the crest

height, with wavelength equal to the flume width, λ = 22.5h and amplitude half

of the average dune height, A = h/2. Their measurements were conducted for two

cases with deep (H = 14.0h) and shallow (H = 4.3h) flow with Reynolds numbers

Re = 112, 000 and 47, 000 based on average bulk velocity and average flow depth.

The flow resistance was higher by almost 50% over the 3D dunes, but the turbulence

intensity was much lower. Maddux et al. [93, 94] also examined the free-surface re-

sponse to bed-shape configuration and observed, for the 3D dunes, 2D free-surface

deformations similar to those observed over 2D dunes. The maximum deviation of the

free-surface level from the averaged straight level was 2.5% of the average dune height.

The phase difference in the crestlines results into a sequence of saddles between the

lobes. The flow moved away from this high-low crest sequence region, which acted

as a virtual vertical plane normal to the spanwise direction and at the middle of the

flume. Hence, the greatest streamwise velocity occurred over the nodes, between the

saddle and the lobe. The cross-stream flow was stronger close to the bed and over the

nodes, while the upward velocity was higher upstream of the saddle where the high-

est crest exists. The decelerated flow over the saddle resulted in a larger separation

cell than in a typical 2D dune case at the same Reynolds number; the cross-stream

flow near the bed was found to be in an opposite direction to the flow near the free

surface. Maddux et al. [93, 94] conjectured that the secondary flow across the stream

is caused by turbulence asymmetry. The integral of the momentum balance equation

was examined to partition the total drag into its subcomponents, form and viscous

drag. Despite a good estimation of form drag and bottom pressure, the skin-friction



CHAPTER 3. LES OF 3D DUNES. PART 1: TURBULENCE STATISTICS. 77

estimation from the near-bed mean velocity and Reynolds shear stress was not accu-

rate. The largest form drag and skin friction were observed over the node, where the

streamwise velocity is largest. Relatively higher boundary shear-stress accompanied

by lower Reynolds shear stress indicate the importance of precise measurements and

calculations of shear stresses for sediment transport prediction. The field observations

of Parsons et al. [114] highlight the importance of 3D bedforms for flow structures

and sediment transport. Secondary flows over saddle- or lobe- shaped crestlines were

observed to be larger and more structured, and direct the downstream bed morphol-

ogy and sediment-suspension mechanism in the flow. Parsons et al. [114] suggest that

in the case of smaller scale macro-turbulence in flows over 3D dunes, suspension of

bed sediment may be less, affecting the bed morphology significantly. There is a need

to quantify the scales of vortical structures in flows over various 3D dunes to evaluate

this conjecture.

The effect of different 3D bedforms has been investigated by Venditti [143] using

fixed 2D and 3D dune morphologies. The main difference between the 3D dunes

used in his work and those used by Maddux et al. [93, 94] is the way the three-

dimensionality was introduced, by deforming the crestline in the streamwise (rather

than in the vertical) direction, similar to the geometry used in the present simulations,

illustrated in Figure 3.1; this placed saddles at the most upstream spanwise locations

of the crestline, and lobes at the most downstream position. In the experiments of

Venditti [143], the downstream crestline was in phase with the upstream one. The

dune length was 20h and the average flow depth was close to 6.8h; the Reynolds

number of the experiment was Re = 73, 010 based on the average flow depth and

the average bulk velocity. In the case of full-width saddle or full-width lobe dunes,
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Figure 3.1: (a) Sketch of the physical 3D dune configuration. The sine function that is
superimposed into 2D dune configuration is A sin(2πz/λ), where λ is the wavelength
(here λ = 16h) and A is the amplitude (here A = 2h), and (b) bed geometry.

a constant oblique line with the slope of almost 1.1 was used, while for the case of

sinusoidal crestline, a sine wave with A = 2.33h and λ = 11.45h was introduced.

The sinuosity of the crestline is defined in terms of a non-dimensional span number,

NDS= Lc/Ly [146], where Lc is the crestline length and Ly is the linear distance

between the crest endpoints (in the experiment, this was equal to the channel width).

Observations were not consistent with those of Maddux et al. [94], since the crestlines

were in phase. The flow was fastest over the saddle and slowest over the lobe, while

turbulence was highest over the lobe and lowest over the saddle. By looking at

the spatially-averaged vertical and spanwise velocities, a secondary flow pattern was

conjectured in which flow moves upward over the lobe and downward over the saddle.

From these mean-flow and turbulence distributions, the author concluded that a

stable configuration of 3D dunes with sinusoidal crestlines can be formed with 180o
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phase difference in sinuous profiles, like those of Maddux et al. [93, 94].

The importance of 3D dunes in controlling the flow resistance, sediment transport,

and turbulence production demands a closer study of the flow mechanics. Experi-

ments conducted so far on 3D dunes lack precise measurements of near-wall quantities,

including skin friction and form drag, as well as spatially-resolved turbulent stresses.

We performed, therefore, a controlled investigation that begins from typical 2D dunes

and develops more complicated bedforms. Starting from a simple sinusoidal crestline

deformation, we incorporate common dune configurations, maintaining similarity to

our previous study on 2D dunes [110] as well as to recent measurements of flows over

3D dunes [93, 94, 143]. In addition to the total boundary shear stress, its subcompo-

nents must be determined for prediction of various natural phenomena such as sedi-

ment transport rates that affects the stability of dunes (since the skin friction directly

contributes to the sediment transport, while form drag does not). This work is the

first effort in simulating turbulent flows over 3D dunes and reveals new understanding

of flow mechanics that could not be measured in experiments. The variety of cases

studied enables comprehensive investigation on the effects of three-dimensionality on

flow resistance and turbulence statistics. While this paper is focussed on turbulence

statistics for the flows over various 3D dunes, a follow-up article will present details

of the coherent vortical structures and analyze their characteristics qualitatively and

quantitatively.
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3.3 Problem Formulation

In large-eddy simulations, the velocity field is separated into a resolved (large-scale)

and a subgrid (small-scale) field, by a spatial filtering operation [88]. The non-

dimensionalized continuity and Navier-Stokes equations for the resolved velocity field

are

∂ui
∂xi

= 0 (3.1)

∂ui
∂t

+
∂uiuj
∂xj

= −∂P
∂xi
− ∂τij
∂xj

+
1

Reb

∂2ui
∂xj∂xj

(3.2)

where Reb = UbHb/ν, Hb is the average channel depth, and Ub is the bulk velocity

at the streamwise location where the channel depth is equal to the average channel

depth (x ≈ 14h). x1, x2 and x3 are the streamwise, vertical and spanwise directions,

also referred to as x, y and z. The velocity components in these directions are,

respectively, u1, u2 and u3 (or u, v and w). An overline denotes a filtered quantity,

and τij = uiuj − uiuj are the subgrid stresses, which were modeled using an eddy-

viscosity assumption

τij − δijτkk/3 = −2νTSij = −2C∆2|S|Sij. (3.3)

Here, ∆ = 2 (∆x∆y∆z)1/3 is the filter size, Sij = (∂ui/∂xj + ∂uj/∂xi) /2 is the

resolved strain-rate tensor and |S| =
(
2SijSij

)1/2
is its magnitude. The coefficient C

is determined using the dynamic model [53] with the Lagrangian averaging technique

proposed by Meneveau et al. [102], and extended to non-Cartesian geometries by

Jordan [68] and Armenio and Piomelli [6].
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The governing differential equations (3.1) and (3.2) are discretized on a non-

staggered grid using a curvilinear finite-volume code. The method of Rhie and Chow

[120] is used to avoid pressure oscillations. Both convective and diffusive fluxes are

approximated by second-order central differences. A second-order-accurate semi-

implicit fractional-step procedure [74] is used for the temporal discretization. The

Crank-Nicolson scheme is used for the wall-normal diffusive terms, and the Adams-

Bashforth scheme for all the other terms. The pressure is obtained from the solution

of a Poisson equation, which will be discussed later. The code is parallelized us-

ing the Message-Passing Interface and the domain-decomposition technique, and has

been extensively tested for turbulent flows [110, 118, 119, 131, 132].

Dunes are known to have a wavelength equal to 5-6 times the flow depth, and

height equal to 1/4 of the flow depth. For this reason, most dune shapes studied

experimentally and numerically are quite similar. We base our geometry on the 2D

one used by Balachandar et al. [18]. A sinusoidal wave in the spanwise direction with

an amplitude A, and a wavelength λ is superimposed on the streamwise position of

all points in the domain. The computational configuration is sketched in Figure 3.1.

Periodic boundary conditions are used in the streamwise (x) and spanwise (z) direc-

tions. The flow is driven by a pressure gradient that maintains a constant streamwise

flow-rate in time. The top surface is assumed to be rigid and free of shear stress: the

vertical velocity is set to zero, as are the vertical derivatives of the streamwise and

spanwise velocity components. The surface deformation is reported to be small, less

than 2% of the flow depth in experiments [69, 93, 94, 98] and simulations [137, 155]

of 2D and 3D dunes, and it was shown [94] that the free surface response to the 3D

dune bed is 2D. The pressure distribution on the top surface calculated in the current
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Figure 3.2: Contours of mean pressure, P/U2
b , on the top surface of Case 2 (left) and

case 5 (right) defined in Table 3.1.

simulations (Figure 3.2) presents negligible dependency on the spanwise deformation

of the bed. Therefore, the free-slip condition is expected to have small effects on

the statistics and on the evolution of significant structures. The Reynolds number is

18, 900 based on the Hb ' 3.5h and Ub defined above.

An orthogonal mesh in the xy−plane is generated using a hyperbolic grid-generation

technique. This mesh is then repeated in the spanwise direction with non-uniform

spacing as discussed below, superimposed with a sine function shift, A sin(2πz/λ), in

the streamwise direction.

In our previous simulations of 2D dunes, the grid lines parallel to the z axis were

straight, and the spacing was uniform. This implied that, in the Poisson equation

for pressure, the only term involving z was of the form ∂2/∂z2; this allowed us to

take a Fourier Transform of the Poisson equation in the z direction, which decoupled

the system, and allowed us to solve Nz/2 (complex) bi-dimensional systems of size

Nx × Ny by a BiConjugate Gradient Stabilized (BiCGStab) method, instead of the

coupled Nx × Ny × Nz system. To preserve the advantages of the decoupling in

this work, in which the grid lines in the z direction are not straight, but follow the
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sinusoidal crestline, we had to modify the method described above.

The non-orthogonality of the grid lines to the xy−planes introduces, in the Poisson

equation in the transformed space (ξ, η, ζ), cross-derivative terms of the form ∂2/∂ξ∂ζ,

where ξ, η, and ζ are grid-line tangent coordinates in the direction of increment of

indices i, j, and k, respectively. Applying the Fourier Transform to these terms would

not result in a decoupled system. We, therefore, adopt an iterative approach. First,

we consider a grid that is equispaced in ζ:

∆ζ(i, j, k) = |x(i, j, k + 1)− x(i, j, k)| = constant. (3.4)

This condition requires non-uniform grid spacing in the spanwise direction, with

coarser mesh around the saddle and the lobe planes, and finer mesh in between.

Second, we consider the cross terms as known (we calculate them using the pressure

at the previous time-step initially) and move them to the right-hand-side of the Pois-

son equation; then we apply the Fourier transform, and solve the decoupled system

using BiCGStab. The resulting pressure is then used to re-compute the cross terms,

and the system is solved again until convergence. Three iterations were generally

sufficient. This technique was validated by simulating a 2D turbulent channel flow,

using a grid skewed in the spanwise direction (more skewed than any of those used

in the present study) and was found to be accurate and efficient.

Based on the bed-shape characteristics, Venditti et al. [146] found the transition

of 2D dunes into 3D dunes to occur when NDS' 1.2. We want to observe the

transition in the flow characteristics as the amplitude and the wavelength of the sine

wave is changed; therefore, keeping channel dimensions, Reynolds number and the

geometry, unchanged, the effects of the amplitude A and the wavelength λ on flow
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Case no. λ/h A/h NDS ∆s+avg ∆n+
avg ∆z+avg

1 16.0 0.5 1.01 21.3 0.7 17.1
2 16.0 1.0 1.04 22.1 0.7 18.2
3 16.0 2.0 1.14 23.6 0.8 21.4
4 8.0 0.5 1.04 21.6 0.7 17.8
5 8.0 1.0 1.14 22.5 0.7 20.3
6 8.0 1.5 1.29 23.3 0.8 23.8
7 8.0 1.7 1.36 23.8 0.8 25.6
8 8.0 2.0 1.46 24.2 0.8 28.1
9 4.0 1.0 1.46 22.4 0.7 25.9
10 16.0 1.0 1.04 17.6 0.7 14.0

Table 3.1: Properties of the test cases. For the definition of the variables λ and A
refer to the caption of Figure 3.1. Case 10 has two dunes in series in the streamwise
direction with 180o phase shift in the cosine function of the crestline.

characteristics are studied. Table 3.1 lists all test cases; A and λ are changed slowly

to observe transition from 2D to 3D dunes clearly; the NDS values are also reported,

and bracket the critical value. Case 10 is the only simulation with two dunes in series

to study 3D dunes with crestlines having 180o phase difference. This is close to the

experiment by [93, 94] and to natural bedforms.

The number of grid points in Cases 1 to 9 is 256 × 96 × 256; this number is

higher than used in our previous simulation of 2D dunes [110], to compensate for

the non-uniformity in grid spacing caused by sinuosity of the crestline. The average

grid spacings for each case are also included in Table 3.1, illustrating acceptable

resolution for a typical LES. Validation of the numerical model was difficult, since no

experiment is available in flow conditions similar to those used here. However, some

confidence in the data can be achieved by observing that the current problem is similar

to the 2D simulation [110], which has been validated extensively against experiment

and simulation [137]. In that paper, we examined average velocities and Reynolds

stresses along six vertical lines in the channel with those in previous simulation and
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experiment, and excellent agreement was obtained. Contours of turbulence statistics

on the xy-planes also showed remarkable agreement with previous work [57, 137].

Furthermore, a grid refinement study was performed for Cases 2 and 5, in which

384× 128× 384 grid points were used; first- and second-order statistics were within

5% of each other. A comparison of the velocity profiles will be shown later.

The equations were integrated for 500h/Ub time units to remove transient effects.

Then, statistics were accumulated over 2000h/Ub time units. To increase the sample

size, averaging was also performed over the symmetric points in the spanwise direc-

tion. To verify the adequacy of the sample, we compared statistics obtained using

only half of the sample with those obtained using the complete sample, and found

that the mean velocities differed by less than 1%, and the root-mean-square (rms)

intensities by less than 5%.

3.4 Results

3.5 Mean-Flow Characteristics

Figure 3.3 illustrates the mean-flow streamlines tangential to three vertical planes at

the lobe (L), node (N), and saddle (S) of the 3D geometry (i.e., obtained using only the

velocity components in the plane). We concentrate herein on Case 5, and qualitative

differences with the other cases will be shown whenever they are significant. Contours

of streamwise velocity in Figure 3.3 show that the fluid separates over the crest,

forming a recirculation bubble on the lee side of the dune. At the saddle and node,

the flow then reattaches on the stoss side, similar to what is observed in the 2D case

[20, 57, 81, 98, 107, 108, 110, 127, 137, 144], but the behaviour at the lobe is different.
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The separation streamline never reaches the wall: fluid coming from the saddle region

near the wall displaces it upwards, and a saddle point (point C in Figure 3.3(a)) is

formed at the beginning of the stoss side on the lobe plane. This phenomenon is

caused by the spanwise pressure gradient generated by the three-dimensionality, and

depends critically (as will be shown later) on the details of the dune crest shape.

Also note that the flow over the lobe is slower than that over the saddle and node

regions. The difference in the momentum available to the fluid may also play a role

in the separation/reattachment behaviour. Note that in the following we will refer to

“reattachment point” as the point where the streamwise component of the wall stress

becomes positive, even if the separated streamline does not reattach, as is the case in

some 3D separated flows.

Figure 3.4 shows the streamlines tangent to a plane near the bed, which are

consistent with the observations of Allen [3], who used plaster for flow visualization

(see Figure 12.8 in [3]). On the lee side of the dune, the spanwise pressure gradient is

directed from the lobe to the saddle, while further downstream it is positive from the

saddle to the lobe, resulting in the near-wall motion described above. Over the stoss

side, before and after the reattachment, the spanwise pressure gradient is directed

from the saddle towards the lobe. This secondary flow near the bed results in the

saddle point of separation over the lobe plane (point C in Figure 3.3(a), and points

S2
s in Figure 3.4) and inhibits the reattachment of the separated flow over the lobe.

Symmetric 3D separation lines result in “Type I” separation with symmetry breaking

discussed by Chapman and Yates [29], in which a saddle point of separation (S1
s in

Figure 3.4) at the upstream point on the line and a nodal point of separation (Ns in

Figure 3.4) at the downstream point appear. This type of separation induces a nodal
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Figure 3.3: Case 5. (a) Mean-flow streamlines and mean streamwise-velocity con-
tours, U/Ub, on three xy−planes. (b) Secondary-flow streamlines and mean stream-
wise vorticity contours, Ωxh/Ub, on four yz−planes.
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Figure 3.4: Mean-flow streamlines and mean pressure contours, P/U2
b , on a plane at

constant distance from the bed, with y+ ≈ 3 on the average for Case 5. The primary
nodes and separations are illustrated by Ns, nodal separation; Ss, saddle separation;
Na, nodal attachment [29].



CHAPTER 3. LES OF 3D DUNES. PART 1: TURBULENCE STATISTICS. 89

point of attachment (Na in Figure 3.4) downstream of S1
s in the symmetry plane (the

saddle plane) and a saddle point of separation (S2
s in Figure 3.4) downstream of Ns

in the symmetry plane (the lobe plane). We will show that the S2
s points over the

lobe plane cause the deformation of the reattachment line (based on our definition),

known as “bulging”. Note that discontinuities on the lee side of the dune are caused

by the sudden change of bed slope.

The spanwise pressure-gradient caused by 3D separation also results in the sec-

ondary flow shown in Figure 3.3(b). Low-momentum fluid near the bed moves away

from the saddle plane towards the lobe, while high-momentum fluid moves away from

the lobe towards the saddle. The streamwise average of the cross-stream flow over

a dune length (Figure 12(b) in [143]) is qualitatively the same as the current re-

sults. The secondary flow is fairly weak (the in-plane velocity is less than 12% of the

streamwise velocity) but affects significantly form drag and skin friction. Sediment

transport is also affected by this motion, similar to secondary flows over 3D ripples

[157] in which sediment is suspended in the areas with near-bed upward motions (in

the lobe plane in the current simulations). As high-speed fluid converges over the

saddle from the free surface and moves down toward the bed for almost half the dune

height at x/h = 12, the maximum value of the streamwise velocity occurs below the

surface. This phenomenon, known as “velocity dip”, is observed in most secondary

flows [108] in open channels, in experiments [143], and in the present study for Cases

1 through 8. Cases 9 (very short wavelength), 10 and 11 (staggered lobes and saddles)

have different physics that will be discussed later.

Mean-velocity profiles over the saddle and the lobe planes are compared to the

profiles over 2D dunes [110] in Figure 3.5. The profiles are extracted at equal distances
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Figure 3.5: Dune geometry (a), and profiles of the mean streamwise (b) and ver-
tical (c) velocities at the locations shown in (a), from left to right: (x − xs)/h =
2.5, 4.5, 5.5, 6.5, 12.5, 18.5. Case 5. 2D dune; lobe plane;

saddle plane. Symbols represent the simulation with a higher resolution with
384× 128× 384 grid points; � lobe plane; © saddle plane. Each profile is shifted to
the right for clarity. The mean-flow streamlines for a 2D dune are illustrated in (a)
to aid the discussion.
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from the dune crest, i.e., at constant values of x − xs, where xs = A sin(2πz/λ) is

the crestline shape. The flow over the saddle is similar to that in 2D dune, but with

a higher speed. Over the lobe, the behaviour is similar in the recirculation region,

but is significantly different further downstream, due to the 3D behaviour near the

reattachment point. At (x − xs)/h = 6.5, for instance, profiles of mean velocities

have a two-layer shape in which the wake of the separated-shear layer lies above

the internal boundary layer. The internal layer results in a local near-wall velocity

maximum that persists throughout the stoss side, and generates an inflection point

in the velocity profile that is not present in the 2D case, which may be responsible

for the increased turbulent activity in the lobe planes (see below).

Profiles of mean vertical velocity (Figure 3.5(c)) show significant deviation from

the 2D behaviour especially in the lobe plane; over the saddle, the downward motion

of the fluid is somewhat faster (but the shape of the profile is unchanged), while

over the lobe the flow is generally directed upwards, due to the displacement of the

separated flow from the crest by the laterally moving fluid coming from the saddle

and node region. While the streamwise velocity approaches the 2D behaviour over

the downstream half of the stoss side, the vertical component does not.

Streamwise velocity profiles in wall units on the stoss side are compared to the 2D

dune case in Figure 3.6. The velocity and the length are normalized with the local

friction velocity, uτ,x = (τw,x/ρ)1/2, where

τw,x =
1

Re

∂〈U〉
∂n

, (3.5)

and viscosity ν. Note that, since the simulations resolve the wall layer, the wall stress

can be computed directly, and no approximation or extrapolation is needed. An
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Figure 3.6: Mean streamwise-velocity profiles in wall units at (x− xs)/h = 6.5 (filled
symbols) and (x−xs)/h = 18.5 (open symbols). •, ◦ 2D dune, �,� lobe plane, and
N,4 saddle plane. The black solid lines represent the law-of-the-wall, u+ = y+ and
u+ = ln y+/κ+ 5.0, with κ = 0.41.

inflection point in all profiles indicates the presence of a non-equilibrium boundary

layer after reattachment. At (x − xs)/h = 6.5, as observed above, the flow over

the lobe deviates more significantly from 2D behaviour than that over the saddle.

The profiles are characteristic of flows in strong adverse pressure-gradients, as also

observed by Le et al. [87] in the simulation of turbulent flow over a backward-facing

step, and by Spalart and Watmuff [135] in flat-plate boundary layers with pressure

gradients. The adverse pressure-gradient is generated in the first half of the channel

by the sudden flow expansion at the crest. Along the stoss side of dunes, the boundary

layer develops faster over the lobe and at (x − xs)/h = 18.5 all profiles collapse on

the two-dimensional dune profile.

Figure 3.7 shows contours of the streamwise component of the wall stress, for five

selected cases. The dashed white lines highlight the τw,x = 0 contour. First, we

note that longitudinal regions of low wall stress can be observed in all cases. In the

first two cases (Figures 3.7(a) and (b)) they are aligned with the lobe, and are due to

pairs of streamwise vortices, which advect low-speed fluid close to the bed towards the
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Figure 3.7: Contours of the streamwise component of the wall stress, τw,x/ρU
2
b . The

dashed white lines highlight the τw,x = 0 contour. (a) Case 2 (λ = 16h, NDS=1.04;
(b) Case 5 (λ = 8h, NDS=1.14); (c) Case 8 (λ = 8h, NDS=1.46); (d) Case 9 (λ = 4h,
NDS=1.46); (e) Case 10 (λ = 16h, NDS=1.14, staggered dunes).
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Figure 3.8: Contours of mean streamwise vorticity, Ωxh/Ub. (a) Case 2; (b) Case 9;
(c) Case 10.
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Figure 3.9: Contours of mean streamwise velocity, U/Ub. (a) Case 2; (b) Case 9; (c)
Case 10.

lobe and high-speed fluid from the outer flow towards the wall, thereby decreasing

τw at the lobe and increasing it at the saddle. These vortices can be observed in

Figure 3.8(a). In Case 9 (Figure 3.7(d)), on the other hand, the streaks are due to

a streamline convergence caused by the bottom topography; in case 10, two pair of

vortices are present, one generated at the lobe, the other at the lobe on the upstream

dune; Cases 9 and 10 will be discussed at length later. Case 8, Figure 3.7(c), has

a behaviour intermediate between Cases 1-8 and Case 9, including both the streaks

due to the streamwise vortices and those due to the streamline convergence.

Case 9 has the lowest crestline wavelength, and different mean-flow characteristics.
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Figure 3.10: Mean-flow streamlines tangential to the cross plane at x/h = 7 and
mean streamwise vorticity contours, Ωxh/Ub, for Case 9.

As Figure 3.9(b) illustrates, the streamwise velocity does not vary much in the span-

wise direction. The typical secondary flow with large streamwise vortices between the

lobe and the saddle, observed in the other cases, is not observed here (Figure 3.8(b)).

In the channel interior, the spanwise velocity is negligible compared to the vertical

one, and the flow characteristics are similar to the 2D dunes [110], as fluid moves

downward in the first half of the channel and upward in the second half. Nezu and

Nakagawa [108] pointed out that large secondary currents similar to those observed

in Cases 1-8 (Figure 3.3(b)) occur when the wavelength of the bed deformations in

the spanwise direction is more than twice the flow depth; in Case 9 the wavelength

is equal to the maximum flow depth (λ = 4h), and large-scale streamwise vortices

are not observed. Although the streamwise vorticity in the interior of the channel is

small compared to Cases 1–8 and 10–11, near the bed, due to the significant waviness

of the bed in the spanwise direction, spanwise pressure gradient becomes significant

and drives high-momentum fluid toward the lobe (Figure 3.10), causes a local high

pressure zone at the lobe and low wall-shear stress stripes along the saddle plane in

Figure 3.7(d).

In Case 10, because of the staggered lobes and saddles, the flow develops quite

differently (Figures 3.8(c) and 3.9(c)). First, as was also observed experimentally
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Figure 3.11: Mean-flow streamlines and mean pressure contours, P/U2
b , on a plane

near the bed (y+ ≈ 3) for Case 10.

(Figure 6 in [94]), the flow is faster over the node plane (Figure 3.9(c)). The near-bed

streamlines shown in Figure 3.11 are qualitatively different than in Cases 1-8 (Figure

3.4), due to the different pressure distribution on the bed: the highest pressure is in

the reattachment region over the node. The main difference in the streamlines occur

on the stoss side of the saddle plane where they bend back toward the saddle. After

the reattachment on the stoss side (e.g., in the vertical planes at x/h = 7, 12, and 17

in Figures 3.8(c)), two strong vorticity contours with opposite signs are observed near

the lobe. These vortices have a similar nature as those for Case 5 (Figure 3.8(a)).

The vorticity contours decay as they travel over the saddle plane of the following

dune. They can still be observed in the vertical plane at x/h = 7 in Figure 3.8(c),

and in the wall-stress contours in Figure 3.7(e).

In Figure 3.7 we also observe secondary recirculation bubbles (similar to those

occurring in backward-facing steps and in 2D dunes) over the lee face, in cases with low

crest curvature. When the three-dimensionality is significant, however, the secondary

recirculation zone is confined to the saddle region for Cases 1 to 9 and to the lobe
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Figure 3.12: Acceleration parameter (Equation 2.5) over (a) the lobe and (b) the
saddle. Tangent of the angle of streamlines with respect to the x-axis at (x−xs)/h =
1.5 over (c) the lobe and (d) the saddle. Case 2; Case 5; Case 8;

Case 9; N Case 10.

for Case 10 and 11. The acceleration parameter, defined in Equation 2.5, is negative

in the adverse-pressure gradient region over the lee side of the dune where the flow

expands (Figures 3.12(a) and (b)). On the lobe plane, the deceleration is higher in

Cases 1 to 9 than in Case 10 (which has staggered crestlines); hence, the streamlines

diverge less over the lee side of Case 10 where a secondary recirculation is generated.

The tangent of the angle of the streamlines over the crest, tan−1(V/U), shown in

Figure 3.12(c) is highest in Case 10 where the secondary recirculation disappears.

The flow over the saddle plane in Case 10 (Figure 3.12(d)) slows down more, resulting

in higher divergence of streamlines over the crest, and the generation of a secondary

recirculation over the lee side is inhibited.

The position of the reattachment point is heavily influenced by the bedform ge-

ometry. For cases in which the dune crest is not highly 3D (typically, for NDS=
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1.01− 1.05), the reattachment line follows the shape of the dune crest (Figure 3.7(a)

and (b)). As the three-dimensionality becomes more pronounced, the reattachment

line becomes a deformed sinusoid, indicating that the shear layer vortices and the

secondary flow play a significant role.

The reattachment length (as a function of spanwise distance z, normalized by the

wavelength λ) is shown in Figure 3.13 for all cases. The lobe and saddle planes are

at z/λ = 0.25 and 0.75, respectively. We observe several features of interest. First,

in most cases the distance to reattachment is longer in the saddle plane than in the

lobe plane. This may be due to the higher momentum of the fluid over the saddle. In

most cases we also observe a bulge in the reattachment length over the lobes, caused

by the secondary flow near the bed in which fluid moves from the saddle towards

the lobe and inhibits the reattachment of mean flow on the stoss side. The bulging

effect is more pronounced for intermediate values of the NDS (in the range 1.04-1.21),

then decreases, to disappear completely in Case 9 (short wavelength). Case 10 with

staggered dunes also has a different behaviour, where reattachment occurs earlier

over the saddle plane than over the lobe due to lower deceleration in the saddle plane

(Figure 3.12(a) and (b)), which forces the reattachment of the flow; we will discuss

this later in Figure 3.13. As discussed, the secondary flow patterns differ in the last

three cases, and the lack of secondary flow is the primary cause for the different

recirculation regions in Case 9. The bedform three-dimensionality tends to decrease

the reattachment length (Figure 3.14), mostly through the secondary flow. The effect

of the crestline wavelength on the average reattachment length is not significant.
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Figure 3.13: Reattachment length. �, Case 1; 4, Case 2; 5, Case 3; B, Case 4; C,
Case 5; ♦, Case 6; ©, Case 7; +, Case 8; ×, Case 9; >, Case 10; <, Case 11. (a)
Cases 1, 2, 3, 10 (λ = 16h) and 9 (λ = 4h) ; (b) Cases 4 through 8 and 11 (λ = 8h);
(c) Cases 2, 4 and 10 (NDS=1.04, λ = 16h, 8h and 16h with staggered dunes); (d)
Cases 3, 5 and 11 (NDS=1.14, λ = 16h and 8h); (e) Cases 8 and 9 (NDS=1.46,
λ = 8h and 4h).
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Figure 3.14: Average reattachment length. �, 2D case [110]; �, Case 1; 4, Case 2;
5, Case 3; B, Case 4; C, Case 5; ♦, Case 6; ©, Case 7; +, Case 8; ×, Case 9; >,
Case 10; <, Case 11.

3.6 Channel Resistance

Contours of the streamwise component of the wall-shear stress in Cases 1–8 (Figure

3.7) show that the flow over the saddle plane has the highest mean velocity, and that

the maximum shear stress on the bed occurs over the stoss side of the saddle plane.

The wall-shear stress becomes negative immediately downstream of the crestline.

Note the localized jumps in the contours that correspond to discontinuities in the

slope of the dune. Except near the lobe, the wall-shear stress on the stoss side, after

reattachment, is almost uniform in the spanwise direction. After the reattachment line

in Case 9, the wall-shear stress is almost uniform due to the fact that the secondary

flow is weak (Figure 3.8(b)) and cannot deform the distribution of the attached flow.

Case 10 has the highest wall-shear stress between the saddle and the lobe planes,

which is consistent with the observation by Maddux et al. [93, 94] that the depth-

averaged streamwise velocity is maximum over the node plane (Figure 6 in their

article).

Spanwise variation of the skin friction results in a different bed-load sediment
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transport rate along the width of the channel; as indicated by Kostaschuk and Vil-

lard [79], when the wall-shear stress is low, less sediment transport occurs, and the

decreased suspension of sediment results in more asymmetric dune geometries, with

steeper lee side. Considering these facts, the present results can be useful for a

sediment transport investigation that uses mathematical models to predict bed de-

formations.

From the distribution of the wall-shear stress, the average skin-friction coefficient

in the streamwise direction (Figure 3.15(a)) can be computed:

Cf,x =

∫
bed

τw,x ds

L×W × 1
2
ρU2

b

, (3.6)

where τw,x is the streamwise component of the wall-shear stress, L = 20h is the dune

wavelength in the streamwise direction, and W = 16h is the width of the domain.

The streamwise skin-friction coefficient increases monotonically with the amplitude

A (Figure 3.15(a)), but does not depend strongly on the wavelength or the NDS

coefficient. Cases with higher crestline amplitude have stronger downwash of fast

flow toward the bed over the lee side of the saddle plane (Figure 3.15(b)), which

increases the skin friction. Sirovich and Karlsson [134] showed that the skin friction

decreases if the arrangement of the roughness elements on the bed is random; any

systematic arrangements increases the friction.

The average spanwise skin friction is zero by symmetry, since the spanwise wall

stress between a saddle and the next lobe is opposite in sign to the stress from that

lobe to the next saddle. Although zero in the mean, the effect of the spanwise com-

ponent of the wall stress is to contribute to the decay of large (especially streamwise)
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Figure 3.15: (a) Average streamwise skin-friction coefficient. (b) Mean-vertical ve-
locity component at (x− xs)/h = 2.5 near the separated streamlines over the saddle.
�, 2D case [110]; �, Case 1; 4, Case 2; 5, Case 3; B, Case 4; C, Case 5; ♦, Case 6;
©, Case 7; +, Case 8; ×, Case 9; >, Case 10; <, Case 11; solid line without symbol
is for 2D case.

vortices and to the transport of sediment in the spanwise direction; we computed the

magnitude of the spanwise skin-friction coefficient from a saddle plane to the next

lobe plane and multiplied it by twice the number of waves in the domain, to obtain

a measure of the spanwise force acting on the flow locally. The result is illustrated in

Figure 3.16(a). The spanwise skin-friction coefficient is at most 10% of the stream-

wise counterpart, and increases with amplitude A, like the streamwise skin-friction

coefficient. The maximum spanwise wall-shear stress occurs in the lee side, and is

directed from the saddle plane to the lobe plane by pressure gradient. Note that the

spanwise wall stress in Case 9 is negligible, due to the absence of secondary flow. In

the case of staggered crestlines (Cases 10), with largest wavelength (16h), the flow is

faster between the lobe and the saddle planes, where the spanwise wall-shear stress

is significant; hence the stress is larger than in other cases with the same crestline

amplitude (Case 2). At smaller crestline wavelength, λ = 8h, the alignment plays

negligible role in the spanwise skin friction.

The form drag is computed by integrating the pressure force on the bed and is
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Figure 3.16: Average spanwise (a) skin-friction and (b) form-drag coefficients. �, 2D
case [110]; �, Case 1; 4, Case 2; 5, Case 3; B, Case 4; C, Case 5; ♦, Case 6; ©,
Case 7; +, Case 8; ×, Case 9; >, Case 10; <, Case 11.

directly related to the difference between the high pressure on the stoss side and low

pressure on the lee side, as well as the area of the bed that faces the streamwise or

spanwise directions. For high crestline amplitudes, the pressure on the stoss side of

the saddle plane is high, due to the fact that the flow has higher momentum, but the

pressure on the stoss side of the lobe plane is low. This is a first-order effect, and the

details of the crestline shape do not seem to affect the results much: the form-drag

coefficient in the various cases differs by less than 7%, ranges from 5.6 × 10−3 to

6.1× 10−3 while for the 2D case it is equal to 5.7× 10−3 [110].

The introduction of the 3D crestline increases the spanwise form drag from the

lobe to the next saddle plane, as the pressure gradient increases in the spanwise

direction. Similar to the spanwise skin-friction coefficient, we compute the magnitude

of the spanwise form-drag coefficient from a saddle plane to the next lobe plane and

multiply it by twice the number of waves in the domain, to obtain a measure of the

spanwise force that, in real flows, would contribute to deformation of the crestline.

The spanwise form drag, shown in Figure 3.16(b), depends strongly on the curvature

of the crestline, and increases with curvature, to approach the streamwise form drag
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Figure 3.17: Average drag contribution into the channel resistance (form drag/total
resistance). �, 2D case [110]; �, Case 1; 4, Case 2; 5, Case 3; B, Case 4; C, Case
5; ♦, Case 6; ©, Case 7; +, Case 8; ×, Case 9; >, Case 10; <, Case 11.

in Cases 8 and 9. Except for Cases 10 and 11, we observe a monotonic increase of

the form drag as NDS increases (i.e., as the spanwise component of the lee-side face

increases). The low value of Cd,z in the case of staggered crestlines is caused by a

major difference in the bedform of Cases 10 and 11, as the normal vector of bed

surface on the stoss side has a small component in the spanwise direction; the dune

wavelength is varied in the spanwise direction (18h over the lobe plane, 20h over the

node plane, and 22h over the saddle plane) to accommodate the staggered crestlines,

hence the contribution of the pressure force on the stoss side to the spanwise form

drag decreases significantly.

The streamwise channel resistance (the skin friction plus the form drag) is a

function of the crestline amplitude, A, while the spanwise channel resistance is a

function of the curvature and the amplitude of the crestline. The total spanwise

resistance can reach 76% of the streamwise resistance at high amplitude and curvature

(Case 8), where the spanwise form drag and friction adds up to 6.1 × 10−3 (Figure

3.16), while the streamwise counterpart is 8.1× 10−3 (Figure 3.15).
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Form drag contributes more than 60% to the channel resistance (Figure 3.17);

this contribution increases with the crestline curvature, NDS. For any wavelength,

there seems to be an asymptotic value for this contribution that increases for lower

wavelengths λ, up to a value of 86% for Case 9. Cases 10 and 11 show a significant

decrease of the relative importance of form drag, due to the high skin friction and the

low form drag (comparable with the 2D case) which was discussed before and shown

in Figures 3.15(a) and 3.16.

3.7 Reynolds Stresses

As is the case in many flows with massive separation, the flow over the dunes is

critically affected by the shear layer that forms at separation. In 3D dunes, the

modulation of the crestline causes the shear-layer height to vary along the span. As

the turbulence production is very large in this region, this modulation affects the

Reynolds stresses significantly. Figure 3.18 shows contours of the turbulent kinetic

energy (TKE), q2/2, where q2 = 〈u′iu′i〉 is the trace of the Reynolds stress tensor, a

prime represents the fluctuating part of the resolved velocity field, and 〈·〉 represents

the average in time and about the symmetry (or anti-symmetry) lobe and saddle

planes for three representative cases (Cases 5, 9 and 10). The proper symmetries are

considered to increase statistical samples.

In Case 5, which is representative of most of the configurations studied, the TKE

is highest along the separated-shear layer after the crestline (Figure 3.18(a,b)). Com-

pared to 2D dunes, the TKE in the separated-shear layer is suppressed over the saddle

by the high-momentum fluid that converges on this plane and moves downward to

the bed, and increased in the lobe plane by the upward movement of low-momentum
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Figure 3.18: Contours of mean-turbulent kinetic energy q2/2 = 〈u′iu′i〉/2U2
b on three

vertical planes on the lobe, the node, and the saddle planes (a,c,e), and four vertical
planes at x/h = 2, 7, 12, 17 (b,d,f ) for (a,b) Case 5, (c,d) Case 9, and (e,f) Case 10;
streamlines of mean flow are shown on these planes.
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Figure 3.19: Profiles of Reynolds stresses normalized by u2τ,x for Case 5. (a) 〈u′u′〉;
(b) 〈v′v′〉; (c) 〈w′w′〉; (d) 〈u′v′〉. The position of the profiles is the same as in Figure
3.5; xs = A sin(2πz/λ) is the crestline position; each profile is shifted to the right for
clarity. 2D dune; lobe plane; saddle plane.

fluid advected from the near-wall flow. The height of the separated-shear layer varies

in the spanwise direction (Figure 3.18(b)). Over the lobe, the shear layer is lifted

towards the top surface more than in the saddle plane. Contours are uniform in the

spanwise direction except around the lobe.

Instantaneous vortical structures, visualized by contours of spanwise and stream-

wise vorticity, are shown in Figures 3.20(a) and (b) for Case 5. Most of the structures

are observed in the separated-shear layer, around the reattachment region, and near

the wall on the stoss side of the dune. In the saddle plane, vortical structures gener-

ated at the crestline due to the Kelvin-Helmholtz instability are advected downstream

towards the reattachment region on the bed where they interact with the wall tur-

bulence. In the lobe plane, vortical structures extend vertically in a broader range

as they are advected downstream in the separated-shear layer. This is consistent
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with time-averaged statistics shown in Figure 3.19 that indicate that the shear layer

is wider and has a maximum Reynolds stress at a higher distance from the bed.

Coherent structures in the node plane in the separated-shear layer have the same

characteristics as those in the saddle and the lobe planes, although the near-bed

structures are significantly more numerous there than close to the reattachment re-

gion. This is explained by the spanwise-directed flow in this region that advects the

near-bed structures from the saddle plane toward the lobe plane. The instability of

the separated-shear layer is shown in Figure 3.20(b): on the vertical plane x/h = 2,

most of the structures are concentrated in the recirculation region. Some structures

are advected from the upstream dune and are observed above the shear layer. At a

position further downstream, x/h = 12, after flow reattachment on the stoss side of

the bed, an interaction of vortical structures with the wall turbulence is observed and

we are unable to distinguish the shear layers anymore. Although vortical structures

occupy almost the whole flow depth over the lobe and its neighbourhood, at this

distance downstream of the crestline the structures are mixed more across the chan-

nel width. The quantitative and qualitative analyses of coherent structures require

comprehensive studies of all different cases and this will be presented in a follow-up

sections.

The lack of secondary flow in Case 9 results in a uniform spanwise distribution

of TKE, Figure 3.18(d), although the TKE is higher than in the 2D case [110]. The

staggering of the crestlines in Case 10 alters the secondary flow observed in Cases

1–8. The near-bed flow from the saddle plane to the lobe plane is still effective, but

the mean flow reattaches on the stoss side over the lobe plane, while it does not in

Cases 1–8; at x/h = 7, for instance, the mean flow near the bed is directed downward
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Figure 3.20: Case 5. (a) Instantaneous spanwise vorticity contours on three
xy−planes, and (b) instantaneous streamwise vorticity contours on two yz−planes.

, Ub/h; −Ub/h
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in Case 10 (Figure 3.18(f)) and upward in Case 5 (Figure 3.18(b)). As a result, the

separated shear-layer is not raised towards the top surface as much as in Case 5. At

x/h = 12 and 17, the near-bed flow from the saddle plane toward the lobe plane and

larger vertical velocity over the lobe increases the TKE over the lobe (Figure 3.18(f)).

Away from the bed and above the separated shear-layer the TKE is high in the saddle

plane over the lee side (x/h = 2) since the upstream shear layer is advected from the

lobe plane (Figure 3.18(e)) that reaches the downstream saddle plane.

Reynolds-stress profiles (normalized by u2τ,x = τw,x/ρ) in the lobe and saddle

planes of Case 5 are shown in Figure 3.19. The secondary shear stresses, 〈u′w′〉 and

〈v′w′〉, are zero on these symmetry planes and not shown here. In the saddle plane,

the profiles follow the 2D behaviour, although their magnitudes are lower due to the

secondary flow, which advects high-momentum fluid toward the bed; while over the

lobe the normal stresses are larger near the crest, (x − xs)/h = 2.5, and the peak

occurs at a higher elevation, following the behaviour of the separated-shear layer.

Higher TKE in the separated-shear layer over the lobe may be explained by a value

of the acceleration parameter over the lee side that is 24% smaller than in the saddle

plane; the peak values of Reynolds-normal stresses and Reynolds shear stress are

also approximately 8− 20% and 50% respectively higher than the value those in the

saddle plane at this position. At a higher deceleration, the shear layer over the lobe

becomes broader and is lifted toward the top surface by the upward moving of the

mean flow. An internal boundary layer is developed after the reattachment on the

stoss side of dunes [18, 20, 25, 69, 81, 107, 145], which results in a near-wall peak

of the normal stresses in Figure 3.19(a,c). The internal boundary layer has higher

streamwise stressess in the saddle plane, since the local Reynolds number is higher;
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Figure 3.21: Average (a,b) streamwise Reynolds normal stress, (c,d) vertical Reynolds
normal stress, (e,f) spanwise Reynolds normal stress, (g,h) Reynolds shear stress
〈u′v′〉, normalized by the spatially averaged wall-shear stress u2τ,x, in the lobe (a,c,e,g)
and saddle (b,d,f,h) planes at (x− xs)/h = 2.5. Solid line without symbol is for the
2D case [110]; C, Case 5; ×, Case 9; >, Case 10.

however, the spanwise stresses (Figure 3.19(c)) near the bed have a larger peak in the

lobe plane due to the spanwise motion of the internal boundary layer. The physics

of the near-wall flow have not been studied experimentally with the same detail as

the present simulations; within these limits, however, the experimental observations

[93, 94, 143], are qualitatively consistent with the current observations.

Because of the three dimensionality of the flow, the secondary stresses 〈u′w′〉

and 〈v′w′〉 are non-zero away from the symmetry planes. Since their contribution to

the production of TKE is at least one order of magnitude smaller than that of the

dominant terms, 〈u′v′〉∂U/∂y and 〈u′u′〉∂U/∂x, they are not discussed here.

Profiles of the Reynolds stresses for Cases 5, 9 and 10 are compared over the lobe
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Figure 3.22: Acceleration parameter defined in 2.5, (a) over the lobe and (b) saddle
planes. Solid line without symbol is for 2D case [110]; C, Case 5; ×, Case 9; >, Case
10. The vertical solid line represents the position of the profiles in Figure 3.21.

and the saddle planes at (x− xs)/h = 2 with the 2D dune simulation [110] in Figure

3.21. The profiles are again normalized by the streamwise friction velocity. In the

separated shear-layer the normal stresses and the shear stress 〈u′v′〉 have larger peaks

in Cases 5 and 9 than in the 2D case, while Case 10 has an almost identical peak

(Figure 3.21(a,c,e,g)). This behaviour is due to a larger negative value of the accel-

eration parameter in Cases 5 and 9 (Figure 3.22(a)), which enhances the instability

of the separated shear-layer and increases the stresses. Case 9, with higher crest cur-

vature than the other cases, presents higher turbulent stresses near the bed over the

lobe plane, the 3D mixing of the backflow is expected to be stronger. On the other

hand, over the saddle plane, the Reynolds stresses are smaller in the 3D cases than

the 2D case and Case 10, which again is explained by a lower acceleration parameter

compared to the other geometries (Figure 3.22(b)).

The peak above the separated shear-layer, y/h ' 2.5, which is due to the shear

layer generated by the upstream dune, is significantly damped in Cases 5 and 10

over the lobe plane (Figure 3.21(a,g)). The mixing in the vertical direction by the

secondary flow, which flattens the profiles, is responsible for this phenomenon; as

expected, this behaviour is nearly absent in Case 9, which has a very weak secondary
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flow.

3.8 Conclusions

Three-dimensional bedforms induce a 3D mean flow significantly different from the 2D

case. The bedforms studied herein can be divided into three categories. First, Cases

1 to 8 (with in-phase crestlines and wavelength λ ≥ 8.0h) have qualitatively similar

behaviour in which low-momentum fluid near the bed moves away from the saddle

toward the lobe, and then upwards towards the top surface; high-momentum fluid

has the opposite motion. This secondary flow generates a pair of large streamwise

vortices that straddle the lobe plane. Venditti [143] also observed this secondary flow

in his experiment. The near-wall motion displaces the separation line, and closes the

recirculation bubble.

In Case 9, which has a very short wavelength (with in-phase crestlines), the near-

bed characteristics are similar to the previous cases, but the interior flow is similar

to that in 2D dunes. The absence of secondary flow in this case may be due to the

fact that the wavelength of the crestline is smaller than the flow depth and the large

secondary-flow vortices observed in the other cases do not fit between a lobe and a

saddle. Finally, in Case 10 (in which the spanwise positions of the saddle and the

lobe are staggered), the flow is affected by the staggering, which results in faster flow

in the node plane rather than the saddle and the lobe planes. Maddux et al. [94]

observed a similar behaviour in their experiments where the height of the crestline

is altered with a sine wave. Two counter-rotating vortex pairs are observed; one

straddling the lobe plane, similar to those in Cases 1-8, persists through the following

dune, resulting in a second pair that straddles the saddle plane.
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Near the bed, secondary flow is induced by the spanwise pressure gradient di-

rected from the saddle toward the lobe. This motion displaces upwards the separated

flow, which does not reattach on the bed. Therefore, the physics of the flow near

the lobe plane are different from those in the rest of the domain. The reattachment

length profile along the spanwise direction presents a bulge near the lobe, in which the

reattachment length becomes larger than that of a corresponding 2D flow. This reat-

tachment is due to the spanwise motion and not to the separated streamlines reaching

the wall. The near-bed streamlines resemble those of Allen [3], and the bulging effect

is explained by the saddle point of separation caused by the 3D separation at the

sinusoidal crestlines [29]. The average value of the reattachment length is lower for

3D cases than the corresponding 2D case due to the effect of the streamwise vortices,

which are correlated with the amplitude of the crestline.

The distribution of the wall-shear stress is almost uniform on the stoss side (its

maximum occurs in the saddle plane in Cases 1–9 and in the node plane in Case 10)

except in the lobe plane, where it is significantly lower. The average streamwise skin-

friction coefficient increases monotonically as a function of the crestline amplitude

due to a stronger downwash of high-speed flow toward the bed over the lee side that

occurs for large crestline deformations. Although the average spanwise skin friction is

zero due to the symmetry of the bed form, the spanwise wall stress contributes locally

to transport of momentum and energy in the spanwise direction. A larger crestline

deformation induces stronger spanwise motions and increases the local stress. The

spanwise friction coefficient is negligible in Case 9, without the secondary flow (similar

to the corresponding 2D dunes), while the staggering of the crestlines (Case 10), which

causes the flow to be faster in the node plane, results in increased friction, compared
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to non-staggered cases. The average streamwise form-drag coefficient does not change

significantly among the cases. A local measure of the spanwise form-drag coefficient,

on the other hand, correlates with the curvature of the crestline. The form drag

contribution to the channel resistance (the skin friction plus the form drag) increases

as a function of the curvature and reaches an asymptotic value, higher for smaller

wavelengths.

The flow over dunes is affected by the separated shear-layer, in which the tur-

bulent kinetic energy (TKE) is highest. The TKE is suppressed in the saddle plane

due to convergence of the high-momentum fluid on this plane, and increased in the

lobe plane due to a stronger deceleration of the flow on the lee side. Around the

saddle points of separation in Cases 1-8 in the lobe planes, the separated-shear layer

is raised toward the top surface. The internal boundary layer that is developed af-

ter the reattachment on the stoss side is higher 〈u′u′〉 in the saddle plane due to a

higher local Reynolds number, while 〈w′w′〉 is higher in the lobe plane due to the

spanwise motion of the near-wall layer towards this plane. The behaviour of the

vertical profiles of the Reynolds stresses in the separated shear-layer in the different

geometries was also examined. When the deceleration is larger, the separated vor-

tices become more unstable; hence, the stresses are increased. Near the bed at higher

crestline curvatures, the mixing of the backflow plays a significant role and increases

the Reynolds stresses. The separated-shear layer from the upstream dune is damped

significantly by the upward motion of flow over the lobe. The lack of a secondary

flow in Case 9 results in a more persistent shear layer from the upstream dune and

uniform spanwise distribution of the Reynolds stresses. In the case of the staggered

crestlines, the separated-shear layer is not raised towards the top surface as much
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as in the non-staggered cases. The Reynolds stresses in the staggered case, at the

separated-shear layer, are almost identical to the corresponding 2D dunes, but the

advected-shear layer from the upstream dune is damped.

In a follow-up article, we will describe the instantaneous coherent structures that

exist in the flow over the three-dimensional dunes studied here, especially Cases 5

and 10 that have significant differences in the mean-flow statistics. Qualitative and

quantitative analyses of vortical structures will be provided to gain insight into the

sediment-transport mechanisms in these 3D morphologies, and their differences with

2D, transverse-dune configurations. The contribution of large-scale flow structures to

turbulent events such as boils at the top surface will be discussed.



Chapter 4

Large-eddy simulation of

three-dimensional dunes in a

steady, unidirectional flow. Part 2:

Flow structures.

4.1 Abstract

We performed large-eddy simulations of the flow over a series of three-dimensional

(3D) dunes at laboratory scale. The bedform three-dimensionality was imposed by

shifting a standard two-dimensional (2D) dune shape in the streamwise direction ac-

cording to a sine wave. Coherent flow structures and their statistics are discussed for

two cases with the same crestline amplitudes and wavelengths but different crestline

alignments: in-phase and staggered. The turbulence statistics were discussed in Part

118



CHAPTER 4. LES OF 3D DUNES. PART 2: FLOW STRUCTURES. 119

1 of this article [M. Omidyeganeh, U. Piomelli, J. Fluid Mech. 721, pp. 454–483,

(2013)]. The induced large-scale mean streamwise vortices are the primary factor

that alters the features of the instantaneous flow structures. Wall turbulence is in-

sensitive to the crestline alignment. Alternating high- and low-speed streaks appear

in the internal boundary layer developing on the stoss side; over the node plane,

they are inclined towards the lobe plane due to the mean spanwise pressure gra-

dient. Spanwise vortices (rollers) generated by Kelvin-Helmholtz instability in the

separated shear layer appear regularly over the lobe and may extend to the saddle

plane and affect the reattachment features; their shedding is more frequent than in

2D geometries. Vortices shed from the separated shear-layer in the lobe plane un-

dergo a three-dimensional instability while advected downstream, and rise toward the

free surface; they develop into a horseshoe shape (similar to the 2D case) and affect

the whole channel depth; those generated near the saddle are advected downstream

and toward the bed. When the tip of such a horseshoe reaches the free surface, the

ejection of flow at the surface causes “boils” (upwelling events on the surface). Strong

boil events are observed on the surface of the lobe planes of 3D dunes more frequently

than in the saddle planes. They also appear more frequently than in the correspond-

ing 2D geometry. The crestline alignment alters their dynamics: they appear in the

lobe plane and are advected towards the saddle plane of the next dune, where they

are dissipated. Boil events occur at higher frequency in the staggered alignment, but

with less intensity (lower pressure fluctuations) than the in-phase alignment.
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4.2 Introduction

The stable, unidirectional flow over mobile sand river beds usually results in large-

scale bed deformations called dunes [3, 141, 153]. Dunes have a crestline, generally

normal to the flow direction, followed by a steep downward slope (the lee side), and

then by a more gradual upward slope (the stoss side). Two-dimensional transverse

dunes (in which the crestline is straight and normal to the flow) appear occasionally

in rivers and laboratory flumes for a short period of time [146]; most real-life dunes

in nature have sinusoidal or irregular crestlines [7]. The flow separates at the crest

and reattaches at the beginning of the stoss side [80]. In the first part of this paper

[111] the past research on two- and three-dimensional dunes is reviewed. Here, we

limit ourselves to a brief summary.

The flow separation at the crest and the resulting separated shear-layer, the recir-

culation region, and the attached boundary layer are the main features of the flow over

dunes. Each of these generates a variety of coherent structures with a broad range of

length- and time-scales. Detailed investigation on the turbulent structures revealed

the importance of the Kelvin-Helmholtz instability of the shear layer, which causes

large-scale eddies (with length-scales comparable to the river depth) [20, 81, 110].

Very large structures contribute significantly to the transport of mass and momen-

tum [11, 25]. Correlations between the ejection events over the lee side of dunes and

suspended sediments, measured in the experiments [128, 130], showed the contribu-

tion of separated vortices to the sediment transport.

These large eddies are often associated with “boils”, i.e., upwellings at the wa-

ter surface that occur when a horizontally oriented vortex reaches the surface [95].

Various conjectures were advanced to explain their occurrence [23, 67, 69, 104, 108];
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Omidyeganeh and Piomelli [110] showed that they are due to horseshoe vortices of

size comparable to the flow depth originating in the separated-shear layer.

While much research has concentrated on 2D dunes, fewer investigations have

considered the effects of crestline three-dimensionalities. The mean flow has been

studied experimentally [3, 93, 94, 146, 143] and numerically [111]; some features of

the flow are common with the flow over 2D dunes (e.g., the separation at the crest,

reattachment on the bed, and deceleration/acceleration over the lee/stoss side), but

the 3D mean flow that is induced significantly alters turbulence characteristics. Sec-

ondary vortices with sizes comparable to the flow depth are generated; observations

of these motions have been reported over the last century [54, 72, 76, 142] and related

to the surface concentration of suspended sediment, which varied in the spanwise di-

rection, with higher concentration in the upwash regions of these vortices [72]. Two

counter-rotating streamwise vortices occur next to each lobe (the most downstream

point on the crestline), and direct low-momentum fluid near the bed upwards and

high-momentum fluid over the saddle (the most upstream point on the crestline)

downwards. These motions are generated by the spanwise gradient of the pressure on

the bed (secondary currents of Prandtl’s first kind [26]). Characteristics of the sec-

ondary currents and their impact on the channel resistance, water surface response,

and turbulence statistics were investigated by Maddux et al. [93, 94] for crestlines

that are staggered (i.e., each lobe is followed by a saddle, and vice-versa), and by

Venditti [143] for in-phase crestlines.

Omidyeganeh and Piomelli [111] compared in-phase and staggered alignments, and

also considered different amplitudes and wavelengths of the crestlines. They studied

the sensitivity of the flow field to the crestline parameters (deformation amplitude,
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wavelength, and alignment) by performing a numerical study of 3D dunes created

by shifting a standard 2D dune shape [110] in the streamwise direction according to

a sine wave. The statistics of the flow were discussed. The three-dimensional flow

separation at the crestline alters the distribution of wall pressure; near the bed, fluid is

directed from the saddle toward the lobe and near the top surface the direction of flow

is reversed. This results in two counter-rotating streamwise vortices straddling the

lobe plane. For crest wavelengths smaller than the flow depth, however, the secondary

flow exists only near the bed and the mean flow away from the bed resembles the two-

dimensional case. Staggering the crestlines alters the secondary motion; the fastest

flow occurs between the lobe and the saddle planes, and two pairs of streamwise

vortices appear (a strong one, centred about the lobe, and a weaker one, coming

from the previous dune, centred around the saddle). The sensitivity of the average

reattachment length, which depends on the induced secondary flow, the streamwise

and spanwise components of the channel resistance (the skin friction and the form

drag), and the contribution of the form drag to the total resistance were also studied:

the three-dimensionality of the bed increases the drag in the channel; the form drag

contributes more than in the two-dimensional case to the resistance, except for the

staggered-crest case. Turbulent-kinetic energy is increased in the separated-shear

layer by the introduction of three-dimensionality. The upward flow on the stoss side

and higher deceleration of flow on the lee side over the lobe plane lift and broaden

the separated shear-layer, respectively, affecting the turbulent kinetic energy.

Turbulent structures are responsible for sediment transport [125]; their importance

in an open channel flows with smooth and rough beds on the sediment transport

mechanism are discussed in the literature [22, 67, 70, 71, 109, 138]. Ejections may
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lift up the sediment and persist for a long time. If the wall-shear stress increases,

more particles are entrained in the outer region of the flow, especially over rough beds

[109]. The inrush of high-momentum fluid into the bed (sweep events), on the other

hand, coalescing with surrounding events, may cause a small defect on the bed [22]

and grow to a large-scale deformation. Despite the importance of wall-turbulence and

of sweeps and ejections near the bed, and their impact on the bed deformation, their

dynamics have not yet been studied in depth.

The field observations of Parsons et al. [114] highlight the importance of 3D

bedforms for flow structures and sediment transport; secondary flows over saddle- or

lobe-shaped crestlines were observed to direct the downstream bed morphology and

sediment-suspension mechanism in the flow. Moreover, the distribution of coherent

structures in the bulk flow, especially horseshoe vortical structures that interact with

the free surface and cause strong boil events and their statistics have to be studied.

The importance of 3D dunes in controlling the flow resistance, sediment trans-

port, and turbulence structures demands an investigation of the flow mechanics. The

effects of their geometry on the dynamics of vortical structures responsible for impor-

tant events such as boils are not completely understood. In addition to the relation

between boundary shear stress and turbulence statistics with three-dimensionality of

dunes, the relation of instantaneous features of vortical structures to the geometrical

parameters of 3D dunes must be studied to explore the morphology mechanics and

channel resistance in rivers, and to understand bed deformation mechanism [23]. In

the first part of this article [111], we performed a controlled investigation of simple

sinusoidal crestline deformations and analyzed the effect of geometrical parameters of

the crestline on the mean-flow characteristics. Here, in the second article, we study
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the effect of the three-dimensionality on the turbulent structures near the bed, in the

separated-shear layer, and in the bulk flow. Our qualitative and quantitative analysis

on the coherent structures will provide some insights on the boil events at the free

surface.

In the following, we begin by reviewing the numerical model. We then present

visualizations and statistical measures of turbulent eddies, first in the near-wall region,

then in the separated shear layer. A discussion of the effects of crestline deformation

on the generation of boils will follow. Finally, we will draw some conclusions and

make recommendations for future work.

4.3 Problem Formulation

In large-eddy simulations, the velocity field is separated into a resolved (large-scale)

and a subgrid (small-scale) field, by a spatial filtering operation [88]. The non-

dimensionalized continuity and Navier-Stokes equations for the resolved velocity field

are

∂ui
∂xi

= 0 (4.1)

∂ui
∂t

+
∂uiuj
∂xj

= −∂P
∂xi
− ∂τij
∂xj

+
1

Reb

∂2ui
∂xj∂xj

(4.2)

where Reb = UbHb/ν, Hb is the average channel depth, and Ub is the bulk velocity

at the streamwise location where the channel depth is equal to the average channel

depth (x ≈ 14h). x1, x2 and x3 are the streamwise, vertical and spanwise directions,

also referred to as x, y and z. The velocity components in these directions are,

respectively, u1, u2 and u3 (or u, v and w). An overline denotes a filtered quantity,
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and τij = uiuj − uiuj are the subgrid stresses, which were modeled using an eddy-

viscosity assumption

τij − δijτkk/3 = −2νTSij = −2C∆2|S|Sij. (4.3)

Here, ∆ = 2 (∆x∆y∆z)1/3 is the filter size, Sij = (∂ui/∂xj + ∂uj/∂xi) /2 is the

resolved strain-rate tensor and |S| =
(
2SijSij

)1/2
is its magnitude. The coefficient C

is determined using the dynamic model [53] with the Lagrangian averaging technique

proposed by Meneveau et al. [102], and extended to non-Cartesian geometries by

Jordan [68] and Armenio and Piomelli [6].

The governing differential equations (4.1) and (4.2) are discretized on a non-

staggered grid using a curvilinear finite-volume code. The method of Rhie and Chow

[120] is used to avoid pressure oscillations. Both convective and diffusive fluxes are ap-

proximated by second-order central differences. A second-order-accurate semi-implicit

fractional-step procedure [74] is used for the temporal discretization. The Crank-

Nicolson scheme is used for the wall-normal diffusive terms, and the Adams-Bashforth

scheme for all the other terms. The pressure is obtained from the solution of a Poisson

equation, which is discussed in Omidyeganeh and Piomelli [111]. The code is paral-

lelized using the Message-Passing Interface and the domain-decomposition technique,

and has been extensively tested for turbulent flows [110, 111, 118, 119, 131, 132].

A full description of the geometry and 3D parameters of the crestline (amplitude

A and wavelength λ) can be found in Omidyeganeh and Piomelli [111]. The computa-

tional configuration is sketched in Figure 4.1. Periodic boundary conditions are used

in the streamwise (x) and spanwise (z) directions. The flow is driven by a pressure

gradient that maintains a constant streamwise flow-rate in time. The top surface
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Figure 4.1: (a) Sketch of the physical 3D dune configuration. The sine function that is
superimposed into 2D dune configuration is A sin(2πz/λ), where λ is the wavelength
(here λ = 16h) and A is the amplitude (here A = 2h), and (b) bed geometry.

is assumed to be rigid and free of shear stress: the vertical velocity is set to zero,

as are the vertical derivatives of the streamwise and spanwise velocity components.

The surface deformation is reported to be small, less than 2% of the flow depth in

experiments [69, 93, 94, 98] and simulations [137, 155] of 2D and 3D dunes, and it

was shown that the free surface response to the 3D dune bed is 2D [94, 111]. There-

fore, the free-slip condition is expected to have small effects on the statistics and on

the evolution of significant structures. The Reynolds number is 18, 900 based on the

Hb ' 3.5h and Ub defined above.

An orthogonal mesh in the xy−plane is generated using a hyperbolic grid-generation

technique. This mesh is then repeated in the spanwise direction with non-uniform

spacing as discussed in Omidyeganeh and Piomelli [111], superimposed with a sine

function shift, A sin(2πz/λ), in the streamwise direction. We modified the Poisson
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Case No. λ/h A/h NDS ∆s+avg ∆n+
avg ∆z+avg

5 8.0 1.0 1.14 15.0 0.7 13.5
9 4.0 1.0 1.46 22.4 0.7 25.9
11 8.0 1.0 1.14 17.9 0.7 15.1

Table 4.1: Properties of the test cases. For the definition of the variables λ and A
refer to the caption of Figure 4.1. NDS is defined as a non-dimensional span number,
NDS= Lc/Ly [146], where Lc is the crestline length and Ly is the linear distance
between the crest endpoints. Wall units are defined based on the local wall-shear
velocity, uτ , and the kinematic viscosity, ν.

solver to address the curvature of grid lines in the spanwise direction [111].

Omidyeganeh and Piomelli [111] showed that the crestline alignment significantly

alters the physics of the flow, such as the secondary streamwise vortices, while dif-

ferent amplitudes and wavelengths of the crestline only quantitatively change the

characteristics, except for crestline wavelengths lower than the flow depth in which

the secondary currents are confined to the near bed area. Hence, in this study we

concentrate on three cases: two have with different crestline alignments but the same

amplitude and wavelength, the third has a much lower wavelength. Table 4.1 lists

these test cases; their names are equivalent to Table 3.1 in Omidyeganeh and Piomelli

[111]. Case 11, however, is a new simulation; its mean-flow characteristics are sim-

ilar to Case 10 in Omidyeganeh and Piomelli [111], which had, however, a smaller

wavelength.

The number of grid points per dune in Case 5 is 384×128×384 and in Case 11 is

320×128×320; these numbers are higher than those used in our previous simulation of

3D dunes [111], to obtain higher resolution for the visualization of coherent structures.

In Case 9, the same grid used in [111] is employed, with 256 × 96 × 256 points.

The average grid spacings for each case are also included in Table 4.1, illustrating
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very good resolution for a typical LES. Validation of the numerical model and grid-

convergence of the results are discussed in Omidyeganeh and Piomelli [111]. Note

that the computational domain for Case 11 has two dunes in series in the streamwise

direction with 180o phase shift in the cosine function of the crestline.

The equations were integrated for 500h/Ub time units to remove transient effects.

Then, statistics were accumulated over 1200h/Ub time units, equivalent of 60 flow-

through-times. To increase the sample size, averaging was also performed over the

symmetric points in the spanwise direction. To verify the adequacy of the sample, we

compared statistics obtained using only half of the sample with those obtained using

the complete sample, and found that the mean velocities differed by less than 1%,

and the root-mean-square (rms) intensities by less than 5%.

4.4 Results

It is useful to recall here that the mean secondary flow induced by the crestline

curvature significantly alters the characteristics of the separated shear-layer at the

crest [111]; low-momentum fluid, near the bed, moves towards the lobe plane over the

stoss side of the dune (Figure 4.2); the alignment of the crestlines does not affect this

feature. However, the bulk flow is affected by both the crestline curvature and its

alignment: if the crestline are in-phase, high-momentum fluid converges towards the

saddle plane and sweeps towards the bed; in the staggered alignment, high-momentum

fluid converges to a line between the saddle and the lobe planes (Figure 4.2(b)). The

wavelength of the crestline also affects the secondary flow characteristics; Case 11,

which has half the wavelength of Case 10, has weaker streamwise vortices around the

saddle plane of the downstream dune; Case 9 with the smallest wavelength has no
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Figure 4.2: Contours of mean streamwise vorticity, Ωxh/Ub, for (a) Case 5 and (b)
Case 11 on crossplanes at x/h = 2.0, 7.0, 12.0, 17.0, 22.0, 27.0, and 32.0. Arrows
ahow the mean secondary flows.
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Figure 4.3: Instantaneous flow structures for the in-phase crestline alignment, Case
5. Isosurfaces of pressure fluctuations p′/ρU2

b = −0.061 are coloured by the distance
from the bed with rainbow colormap and isosurfaces of the second invariant of the
velocity tensor, Qh2/U2

b = 5.29, are coloured by the distance from the bed with
grayscle colormap.

streamwise vortices in the bulk flow.

Figure 4.3 shows instantaneous coherent structures of the flow in Case 5, by iso-

surfaces of p′ and Q, the second invariant of the velocity-gradient tensor [33],

Q =
1

2

∂ui
∂xj

∂uj
∂xi

(4.4)

coloured by distance from the bed. Some features of large-scale vortical structures are

similar to those in the flow over 2D dunes [110]. The separated shear-layer rolls up
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and generates a spanwise-oriented structure, a roller (Region 1 in Figure 4.3), which

may undergo a three-dimensional instability, interact with surrounding vortices and

deform to a horseshoe-like structure like the one in Region 2. After the reattachment

of the flow, on the stoss side, large structures generally lose their energy and coherence;

small-scale wall turbulence structures are highlighted by Q isosurfaces in Figure 4.3

(Region 3). We rarely observe strong coherent structure close to the surface; however,

there is a weak signature of such a vortex in Region 4. In the next sections we will

discuss these flow features in depth, and quantify their characteristics.

4.4.1 Near-Wall Turbulence

Streamwise velocity fluctuations, u′, in a plane located 0.05h above the bed (distance

to the bed in wall unites is n+ < 15), are shown in Figure 4.4. After the separation at

the crestline, over the lee side, low values of u′ are observed because of the separation

and the bed inclination (u′ is nearly normal to the wall here); in the recirculation zone,

the contours of u′ are mostly oriented in the spanwise direction, due to the separated

eddies in the shear layer leaving their footprints on the wall turbulence. Flow reat-

tachment occurs on the stoss side around the solid line, which represents the mean

reattachment line. Further downstream the internal boundary layer develops, and

longitudinal high- and low-speed streaks are observed; the flow acceleration resulting

from the favourable pressure gradient over the stoss side elongates the streaks.

We observe that high- and low-speed streaks are not uniformly distributed over the

wall; clumps of several high-speed streaks can be observed, alternating with clumps of

low-speed ones. In 2D dunes this preferential concentration was due to the presence

of Görtler-like vortices generated on the stoss side, which is concave [110]. A similar
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Figure 4.4: Instantaneous streamwise-velocity fluctuations on a plane 0.05h above
the bed; (a)Case 5; (b) Case 11 (c) Case 9. Solid lines are contours of 〈u〉 = 0.0
representing the mean separation and reattachment lines. The ovals highlight regions
in which the streamwise vorteices cause upwash.
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Figure 4.5: Secondary-flow streamlines in the yz−plane at x = 15h, superposed on
the contours of short time-averaged wall-normal velocity fluctuations for (a) Case 5
and (b) Case 11. The lobe planes are at z/h = 2.0 and 10.0, while the saddle planes
are located at z/h = 6.0 and 14.0.

mechanism originates it in this case. Figure 4.5 shows the secondary-flow streamlines

and vertical velocity fluctuations; the secondary velocity was averaged over a short

time, approximately 20h/Ub, to visualize better the large vortices, which tend to me-

ander. Note that three pairs of vortices are observed both for the staggered and the

in-phase crestline alignments, giving a wavelength of approximately 5h (a result con-

firmed by the spanwise two-point correlations of velocity, not shown). In Figure 4.4

we also show the regions of upwash due to the presence of streamwise vortices, gen-

erated by the spanwise pressure gradient at the wall and discussed in Omidyeganeh

and Piomelli [111]. We note very little correlation between the upwash regions and

the concentrations of low-speed streaks, and only a slight one between the downwash

(located immediately above the upwash region) and the high-speed streaks.

To quantify the dimensions and features of the structures near the bed, we ex-

amined the auto-correlation coefficients of the streamwise velocity fluctuations, u′, at
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several points on the plane shown in Figure 4.4(a). They are defined as

Ruu(x, z; ∆x,∆z) =
〈u′(x, z)u′(x+ ∆x, z + ∆z)〉

〈u′(x, z)u′(x, z)〉
, (4.5)

where the averaging is performed, as usual, in time and over symmetric points.

The 2D spatial correlation coefficients and the mean-flow streamlines tangential

to the plane are shown in Figure 4.6 for Case 5. Immediately after the separation the

eddies are more elongated in the direction normal to the mean streamlines (Figures

4.6(a,d,g)); the vortices are strongly correlated and narrower in the lobe plane than

in the node and the saddle planes. The dominant structures over the lobe and the

saddle are symmetric and parallel to the crestline (as expected). In the node plane

(Figure 4.6(d)), the structures are more elongated towards the saddle plane, i.e., in

the direction opposite to the lee-side slope; the spanwise gradient of the streamwise

velocity is responsible for tilting the eddies forward on the side of the saddle, where the

fluid is faster. Close to the mean reattachment line, Figures 4.6(b,e,h), contours of the

correlation become small and rounded, showing no directional preference; structures

in this zone may be advected from the separated shear layer, or originate from wall

turbulence. This behaviour is characteristic of reattachment regions, as also shown

by Le et al. [87] in the backward-facing step calculation. On the stoss side and in the

internal boundary layer (Figures 4.6(c,f,i)) the correlations have the characteristics

of attached boundary layers: the eddies are elongated in the direction of the mean

flow streamlines; in the node plane (Figure 4.6(h)) they are inclined (the tip is tilted

towards the lobe plane) following the mean-flow streamlines.

Figure 4.7 shows contours of the joint probability density functions of u′ and v′

for Case 5. The dashed lines represent the inclination of the bed, and the direction
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Figure 4.6: Contours of spatial auto-correlation coefficient of streamwise velocity
fluctuations in the plane 0.05h above the bed. Case 5. Contour levels are 0.3, 0.5, and
0.7; the position of the center of the correlation is shown in Figure 4.4(a). Streamlines
show the flow direction tangential to the plane.
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Figure 4.7: Joint probability density contours of u′ and v′ at the points indicated
in Figure 4.4(a). represents the alignment of the bed. Contour levels represent
density of 0.01 and 0.11; the points are the same as those in Figure 4.6.
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normal to it (the dashed lines do not appear normal to each other because the u′ and

v′ scales are different) and separates transport towards the wall (below and to the left

of the line) from that away from it. Thus, events with v′ > 0 may actually represent

wall-ward fluctuations. The quadrant partition relative to the bed is indicated in

Figure 4.7(a) for the lee-side and stoss-side locations. Over the lee side, bed-parallel

events are dominant (Figures 4.7(a,d,g)), with a predominance of wall-ward transport

(the events below and to the left of the dashed line in the figure). This, taken together

with the correlation data in Figures 4.6(a,d,g), indicates that the rollers (Region 1 in

Figure 4.3) generated at the crest leave their footprints on the lee side of the dune.

The rollers are stronger in the lobe region; this is shown by the wider range of

bed-parallel fluctuations observed in this region (Figure 4.7(g)). Over the lee side of

the saddle plane (Figure 4.7(c)) turbulence events are well organized but weak. In

all cases Q4 events are dominant, as is the case near the wall in boundary layers.

Despite the fact that flow is separated over the lee side, the vigorous recirculation

that results in upward flow over the lee side of the dune resembles in many ways a

standard, attached wall-bounded flow.

In the reattachment region (Figures 4.7(b,e,h)), the bedward Q3 and Q4 events

are dominant, reflecting the flow impingement. Stronger sweeps occur over the node

plane. Although the mean wall-shear stress is small at the reattachment region,

the turbulence may affect the sediment transport significantly: Q1 events may be

responsible for initiating sediment transport [98], and Q4 events (sweeps) for bedload

sediment transport [107]. Q4 events are particularly significant in this region. Note

that the data provided by LES could be beneficial for the development of sediment

transport models that take into account the turbulence structure in addition to the
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Figure 4.8: (a,c) Time history and (b,d) spectra of local pressure fluctuations near the
reattachment point for (a,b) in-phase crestline alignment (Case 5) and (c,d) staggered
crestline alignment (Case 11). Lobe and saddle planes.

mean wall-shear stress [98, 107].

On the stoss side of the dune (Figures 4.7(c,f,i)) we observe a dominance of

Q2 and, especially, Q4 events, typical of attached boundary layers [112]. These

characteristics of the near-bed events are consistent for all the cases studied; the

near-wall turbulence appears to be primarily affected by the crestline shape, and

rather insensitive to the alignment.

The frequency spectra of the pressure fluctuations in the lobe and the saddle planes

of Cases 5 and 11 are illustrated in Figure 4.8. The Strouhal number is defined as

St = fh/Ub (Ub is the bulk velocity at the streamwise location where the channel

height is equal to the mean channel height). Time series of pressure fluctuations are
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also shown in Figures 4.8(a,c). The spectra in the saddle plane have a low-frequency

peak due to the flapping of the separated shear-layer, typical to the reattachment

region of flows with separation such as backward facing steps [2, 37, 40, 42]; St = 0.011

for the in-phase alignment, 0.021 for the staggered case. The state of the boundary

layer approaching the crest may play a role in this difference. In the staggered case,

the boundary layer approaching the saddle plane is coming from the upstream lobe.

In the lobe region turbulence is more vigorous than in the saddle area, and also the

peaks farther away from the wall [111]. Aider and Danet [2] also observed that the

flapping frequency at the reattachment region in backward-facing step simulations

was lower when the flow approaching the step was less perturbed. In the lobe region

the peak occurs at a higher frequency (St = 0.079 for the in-phase alignment and

St = 0.072 for the staggered one), less sensitive to the crestline alignment. The

time-scale of this events is indicated by TL1 and TL2 in the corresponding time-

series (Figures 4.8(a,c)). These events are correlated to the passage of large-scale

vortices advected from the separated shear-layer; we will discuss this later. Second

peaks in the spectra near the saddle are weaker and have smaller frequency than the

corresponding ones near the lobe; their time-scales are TS2 and TS4 in the figure.

We also note that in the lobe region the flapping frequency is absent (Figures

4.8(b,d)). This may be due to the near-bed behaviour of the flow there: low-

momentum fluid converges on the lobe plane from the sides and inhibits the reat-

tachment on the bed; this phenomenon results into a focal saddle point of separation

on the bed over the lobe plane and is discussed in Omidyeganeh and Piomelli [111].

The effective isolation of the near bed from the separated shear layer may be the

reason why the flapping frequency is not observed at the wall here.
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The shedding frequencies in the current simulations are close to those reported

in the literature. In the backward-facing step, for instance, the dominant frequency

was between St ' 0.06 [87] and 0.066 < St < 0.08 [42]. Aider and Danet [2] found

the flapping frequency as well as the shedding frequency at St = 0.064 and 0.102,

respectively. In the simulations over the two-dimensional dunes, similar shedding

frequencies have been observed (St = 0.078 by Grigoriadis et al. [57], and St = 0.065

by Omidyeganeh and Piomelli [110]).

Coherent structures are shown in Figure 4.9 for the in-phase crestline alignment,

Case 5, and in Figure 4.10 for the staggered crestline alignment, Case 11. Only half

of the channel width is shown in the figures. Four instants from the time-series in

Figures 4.8(a,c) are chosen to discuss the features of energetic events observed in

the pressure spectra in Figures 4.8(b,d). In both alignments rollers are generated at

the crest of the lobe plane; they extend from one node to the next; their width is,

therefore, comparable to the channel depth. Rollers rarely appear in the shear layer

near the saddle. The mean flow in the lobe plane lifts the structures towards the free

surface. Negative peaks in the time series of pressure fluctuations at the reattachment

region of the lobe plane (Figures 4.8(a,c)) correspond to the passage of the large-scale

rollers shown in Figures 4.9(a,b) and 4.10(a,b), while the energetic events that occur

in the saddle plane (Figures 4.8(a,c)) correspond to the passage of large-scale rollers

generated over the lobe, rather than the saddle. Both realizations in Figures 4.9(c,d)

and 4.10(c,d)) show rollers advected downstream of the lobe plane for the in-phase

and the staggered crestline alignments. The vortex shedding over the saddle caused

by the events over the lobe results in a lower shedding frequency of structures (S2

and S4 in Figures 4.8(b,d)).
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Figure 4.9: Instantaneous flow structures for the in-phase crestline alignment at four
instants of the time-series shown in Figure 4.8(a). Only half of the channel is shown.
(a,b) Vortices shed over the lobe, (a) tUb/h = 178.2, (b) tUb/h = 190.4. (c,d) Events
over the saddle affected by vortices shed over the lobe, (c) tUb/h = 145.6, and (d)
tUb/h = 156.9. Isosurfaces of pressure fluctuations p′/ρU2

b = −0.076 are coloured
by the distance from the bed with rainbow colormap and isosurfaces of the second
invariant of the velocity tensor, Qh2/U2

b = 7.6, are coloured by the distance from the
bed with grayscle colormap.
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Figure 4.10: Instantaneous flow structures for the staggered crestline alignment at
four instants of the time-series shown in Figure 4.8(a). Only half of the channel is
shown. (a) tUb/h = 110.4, (b) tUb/h = 125.6, (c) tUb/h = 174.7, and (d) tUb/h =
194.6. Isosurfaces of pressure fluctuations p′/ρU2

b = −0.076 are coloured by the
distance from the bed with rainbow colormap and isosurfaces of the second invariant
of the velocity tensor, Qh2/U2

b = 7.6, are coloured by the distance from the bed with
grayscle colormap.
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4.4.2 Separated Shear-Layer Turbulence

In the previous section, we examined the characteristics of the wall turbulence and

connected the events at the reattachment region to the large scale separated vortices

at the crest. As discussed within the context of Figures 4.9 and 4.10, rollers are

generated at the crest due to the Kelvin-Helmholtz instability of the separated shear-

layer; near the lobe they are more coherent, as shown by the p′ isosurfaces; these

structures are advected downstream, undergo instability and rise up over the lobe.

Near the saddle the separated vortices do not appear as spatially coherent; they can

still be visualized by the Q isosurfaces; they are advected downstream and towards the

bed to the reattachment region. Large scale rollers over the lobe affect the separation

bubble over the saddle; we observed a peak in the frequency spectra of the pressure

fluctuations over the saddle corresponding to the events over the lobe.

The main source of turbulent energy is the separated shear-layer, with its in-

flectional velocity profile, which is instrumental in generating large-scale vortical

structures due to the Kelvin-Helmholtz instability; these eddies are then advected

towards the bed, or rise towards the free surface, while undergoing complex interac-

tions with surrounding structures and with the mean flow. The importance of these

coherent structures in the transport of sediment has been discussed in the literature

[23, 128, 145]. However the instantaneous characteristics of these eddies have not

been studied yet.

The separated shear-layer in the lobe plane (Figures 4.11(a,b)) affects the whole

channel depth and the structures generated in this layer reach the free surface; in

the saddle plane, on the other hand, (Figures 4.11(c,d)) the wake region behind

the shear layer stays close to the bed and rarely a large-scale structure reaches the
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Figure 4.11: Contours of spanwise vorticity fluctuations, ωzh/Ub, over (a,b) the lobe
and (c,d) the saddle planes of (a,c) the in-phase and (b,d) the staggered crestline
alignments.
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free-surface. The downwash of the mean streamwise vortices on the saddle plane

(especially strong in the in-phase alignment), inhibits generation of large-scale rollers

(refer to Figures 4.9 and 4.10) and prevents their upwards motion, advecting them

towards the bed instead. The upwash generated in the lobe plane, on the other hand,

advects structures toward the free surface. Since, in the staggered alignment, each

saddle is followed by a lobe, eddies advected from the upstream lobe plane appear

close the free surface even in the plane of the saddle (Figure 4.11(d)). In the in-phase

alignment, on the other hand, the streamwise vortices are amplified as they extend

from one dune to the next. For this reason, we rarely observe strong events at the

surface in their downwash region.

The significant difference between the dynamics of coherent structures in the lobe

and the saddle planes can be quantified by considering the probability-density func-

tion of spanwise eddies, using the technique proposed by Kida and Miura [73], when

the pressure fluctuation is also negative; these criteria help identify the centre of

the large vortical structures in the shear layer. Figure 4.12 shows that most of the

structures appear in the separated shear-layer, and have negative vorticity (clockwise

rotation). In the lobe plane (Figures 4.12(a,b)) the most probable path of structures

in the separated shear-layer is toward the free surface, while in the saddle plane (Fig-

ures 4.12(c,d)) the eddies remain close to the bed and do not reach the free surface.

This is consistent with the observations based on instantaneous flow fields above,

and justified by the effect of the large streamwise vortices. A significant difference

between in-phase and staggered alignments is that when the crestlines are aligned,

once the large eddies reach the surface, they persist for long times. In the staggered
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Figure 4.12: Contours of the probability density function of spanwise eddies; (a) lobe
plane; (b) saddle plane.
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Figure 4.13: Instantaneous flow visualization around the lobe plane (0.0 ≤ z/h ≤ 4.0)
for Case 5 (in-phase crestline alignment) at 8 instants in time between (a) tUb/h = 156
and (h) 164. Isosurfaces of pressure fluctuations p′/ρU2

b = −0.076 are coloured by the
distance from the bed with rainbow colormap and isosurfaces of the second invariant
of the velocity tensor, Qh2/U2

b = 7.6, are coloured by the distance from the bed with
grayscle colormap.

arrangement, on the other hand, they are more quickly dissipated as the upwash re-

gion of the streamwise vortices is replaced by a downwash one. Compared with the

2D dune case, the crestline curvature primarily directs high-energy vortical structures

generated at the crest of the lobe planes toward the free surface; alignment of the

crestline, on the other hand, affects the distribution of the structures in the flow and

at the surface.



CHAPTER 4. LES OF 3D DUNES. PART 2: FLOW STRUCTURES. 148

4.4.3 Boil Events

The evolution of vortical structures and their impact at the free surface is shown in

Figures 4.13 through 4.15. Since the strongest rollers are generated over the lobe

plane and the most probable path to the free surface is on this plane (Figure 4.12)

these figures highlight the neighbourhood of the lobe for clarity. An equispaced series

of visualizations is shown, starting from the time in which a vortex loop is passing

the separation bubble. The roller deforms into a horseshoe like structure (Figures

4.13(a-c)) and is advected downstream and toward the free surface. The horseshoe

vortex loses energy, as shown by the fact that the pressure fluctuation decreases in

magnitude (Figure 4.13). The Q isosurfaces show a distribution of smaller structures

near the horseshoe vortex.

Figure 4.14 shows the further evolution of the structure; the levels of pressure

fluctuation and Q are decreased to follow the later stages of the development, and the

field of view concentrates on the stoss side. The vortex is stretched in the streamwise

direction while is being advected downstream due to the mean-flow acceleration over

the stoss side, and it is tilted towards to an inclined position by the mean velocity-

gradient. The horseshoe vortex reach the surface near the crestline of the downstream

dune (Figure 4.14(h)). The entire flow field at this time is shown in Figure 4.15,

together with a detail illustrating of the flow field induced by this vortex at the

surface. The strong ejection that occurs behind the horseshoe head and between its

legs causes the impingement of a nearly circular jet on the surface, made visible by

the divergence of velocity-fluctuation vectors, similar to what was observed for 2D

dunes [110]. This impingement causes the upwelling of the surface known as a ”boil”

[11, 23, 24, 25, 67, 69, 95, 104, 108].
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Figure 4.14: Instantaneous flow visualization around the lobe plane (0.0 ≤ z/h ≤ 4.0)
and over the stoss side (7.9 ≤ (x − xs)/h ≤ 20.0) for Case 5 (in-phase crestline
alignment) at 8 instants in time between (a) tUb/h = 164 and (h) 172. Isosurfaces
of pressure fluctuations p′/ρU2

b = −0.038 for (a-d) and p′/ρU2
b = −0.03 for (e-h) are

coloured by the distance from the bed with rainbow colormap and isosurfaces of the
second invariant of the velocity tensor, Qh2/U2

b = 3.78, are coloured by the distance
from the bed with grayscle colormap.
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Figure 4.15: Instantaneous flow visualization at tUb/h = 172.1. Isosurfaces of pressure
fluctuations p′/ρU2

b = −0.03 are coloured by the distance from the bed with rainbow
colormap and isosurfaces of the second invariant of the velocity tensor, Qh2/U2

b = 3.8,
are coloured by the distance from the bed with grayscle colormap. (a) Entire flow
field; (b) enlargement of the vortex impinging on the surface, and tangent velocity
fluctuation vectors at the surface.

Figure 4.16: Probability of strong boils over a time h/Ub at the free surface. Lines:
in-phase; lines and symbols: staggered; • 2D [110]. Lobe and saddle planes.
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Figure 4.16 shows the probability of boil events occurring at the surface, selected

by requiring that the planar divergence

∇s · u′ =
∂u′

∂x
+
∂w′

∂z
(4.6)

be greater than 2.0Ub/h while the pressure fluctuations are positive. The first no-

ticeable feature is the fact that the probabilities of horseshoe occurrence are much

higher for 3D dunes than in the 2D case. This is due to a more frequent generation of

boil-generating eddies in the separated shear-layer; upwash of the flow over the lobe

plane transports them toward the free surface. For the in-phase crestline alignment,

the probability of strong boil events occurring over the lobe plane is much higher than

over the saddle plane, and is more uniform than in the 2D case. This may be due to

the fact that, in the 2D case, the mean velocity in the region 5.0 ≤ (x−xs)/h ≤ 10.0

is directed downwards, whereas in the lobe region of the 3D dune the upwash of

the streamwise vortices tends to advect vortices towards the surface. The staggered

alignment of the crestlines alter the distribution of boils; the characteristics of the

approaching boundary layer affect the boil probability very strongly. Thus, over the

crest the probability of boils is higher over the saddle than over the lobe; this be-

haviour is opposite to that of the in-phase alignment, and is due to the fact that the

vortices being convected over the lobe were generated over the saddle of the previous

dune. Thus, the initial behaviour is reversed between saddle and lobe, since upstream

effects are significant. Over the stoss side, on the other hand, the local behaviour be-

comes dominant, and the probabilities over lobe and saddle approach the behaviour

observed in the in-phase case.
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4.5 Conclusions

We performed a study of dunes with sinusoidal crestline shapes. In a previous paper

we discussed the mean flow characteristics of such geometries. Here, we concentrate

on the effect of geometric three-dimensionality on the trubulence structures. In par-

ticular, we examine the near-wall structures, the eddies generated in the separated

shear-layer, and the large horseshoe-shaped vortices responsible for the generation of

boils (large upwellings at the surface).

The main feature of the mean flow that affects the turbulence structure in 3D

dunes, and is responsible for many of the differences between those and 2D dunes,

is the presence of large, streamwise vortices. These vortices are generated by the

spanwise gradient of the wall pressure, which is directed from the saddle to the lobe,

and causes the secondary motion. For crestline wavelengths larger than the channel

depth, the secondary motions take the form of a pair of longitudinal counter-rotating

vortices, that straddle the lobe plane, causing upwash of slow fluid in the lobe plane,

and downwash of high-speed fluid over the saddle plane. The crestline alignments does

not change the generation mechanism of the mean secondary motions, but when the

crests are aligned the position of the vortices is stabilized, while if they are staggered,

in addition to the vortices that straddle the lobe, the remains of the vortex pair

generated at the previous dune are still present, although weaker, and straddle the

saddle.

Most of the coherent-structure dynamics observed here are very similar to those in

2D geometries. The main effect of crestline three-dimensionality appears as a prefer-

ential generation and distribution of the vortical structures, and a different develop-

ment depending on whether the eddies are in the downwash field of the longitudinal
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vortices, or in the upwash region. Thus, the main role of the crestline alignment is to

either amplify or dampen the development of the eddies.

Wall turbulence is primarily affected by the curvature of the crestline rather than

by its alignment. Over the lee side, the spanwise oriented rollers generated at the

crest are advected downstream and leave their footprints on the bed; the rollers are

more highly correlated in the lobe plane; the spanwise gradient of the streamwise

velocity tilt the rollers in the node plane forward on the saddle side. Around the

reattachment region, a highly intermittent interaction of separated vortices at the

crest with the bed is observed; sweeps are dominant and are stronger over the node

plane. An internal boundary layer develops on the stoss side; low- and high-speed

streaks appear near the bed and, due to the flow acceleration, become elongated in

the streamwise direction. As in the 2D case we observe preferential concentration of

low- and high-speed streak, which appears to be due to the generation of Görtler-like

streamwise vortices (and not to the mean secondary motions).

The curvature of the crestline significantly affects the characteristics of the sep-

arated vortices and their evolution through the secondary motions; the rollers are

stronger over the lobe plane, and have sizes comparable to the channel height. Shed-

ding of the rollers over the lobe occurs at higher frequency than over the saddle

plane; the staggered alignment of the crestlines decrease this frequency. The flapping

of the separated shear layer results in a peak of the wall-pressure spectrum at a fre-

quency much lower than the shedding frequency, which also depends on the state of

the boundary layer approaching the crest: the vigorous turbulence originating in the

lobe area results in higher-frequency flapping. In the staggered case this results in

a higher frequency in the saddle plane, since the approaching flow comes from the
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lobe. Since the mean flow does not reattach on the bed over the lobe plane, the wall

is effectively sheltered from the shear layer there, and the flapping behaviour of the

separated shear-layer is not observed in the pressure spectra around the reattachment

point.

Because of the upwash of the longitudinal vortices, in the lobe plane the sepa-

rated shear-layer disturbs the whole channel depth; turbulent eddies advected down-

stream rise towards the surface. In the saddle plane, on the other hand, the coherent

structures remain close to the bed as they are advected downstream. The staggered

alignment of the crestlines only changes the distribution of the structures in the bulk

flow; downstream of a lobe, structures reach the free surface and are dissipated as

they approach the saddle plane of the downstream dune. Hence, in the staggered

alignment we observe less persistent surface events than in the in-phase case.

The large-scale rollers generated near the lobes undergo 3D instability while being

advected downstream and rise up toward the free surface; they become horseshoe-

like vortices similar to those observed over 2D dunes. The flow acceleration over the

stoss side elongates them, and the mean-velocity gradient tilts them to an inclined

orientation with respect to the horizontal direction. When the tip of such a vortex

loop reaches the free surface, the ejection of the flow between the horseshoe legs

and behind its head causes boil events. The curvature of the crestline increases the

appearance of boil events at the surface of the lobe plane, compared with 2D dunes,

and decreases the appearance of these events at the surface of the saddle plane.



Chapter 5

Large-eddy simulation of

interacting barchan dunes in a

steady, unidirectional flow.

5.1 Abstract

We have performed large-eddy simulations of turbulent flow over barchan dunes in

a channel with different interdune spacings in the downstream direction at Reynolds

number, Re∞ ' 26000 (based on the free stream velocity and channel height). Sim-

ulations are validated against experimental data (at Re∞ = 55460); the largest in-

terdune spacing (2.38λ, where λ is the length of the barchan model) presents similar

characteristics to the isolated dune in the experiment, indicating that at this distance

the sheltering effect of the upstream dune is rather weak. We examine 3D realizations

of the mean and instantaneous flow to explain features of the flow field relevant to

sediment transport. Barchan dunes induce two counter-rotating streamwise vortices,
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along each of the horns, which direct high-momentum fluid toward the symmetry

plane and low-momentum fluid near the bed away from the centerline. The flow near

the bed, upstream of the dune, diverges from the centerline plane, decelerates and

then rises on the stoss side of the dune while accelerating; the flow close to the center-

line plane separates at the crest and reattaches on the bed. Away from the centerline

plane and along the horns, flow separation occurs intermittently. The flow in the

separation bubble is routed towards the horns and leaves the dune at their tips. The

separated flow at the crest reattaches on the bed, except on the centerline symmetry

plane of the dune, where a weak saddle point of separation appears at the bed. The

distribution of the bed shear-stress, characteristics of the separation and reattach-

ment regions, and instantaneous wall turbulence are discussed. Characteristics of the

internal boundary layer developing on the bed after the reattachment region are stud-

ied. The interdune spacing is found to affect significantly the turbulent flow over the

stoss side of the downstream dunes; at smaller interdune-spacings, coherent high- and

low- speed streaks are shorter but stronger, and the spanwise normal Reynolds stress

is larger. The turbulent kinetic energy budgets show the importance of the pressure

transport and mean-flow advection in transporting energy from the overlying wake

layer to the internal boundary layer over the stoss side of the closely-spaced dunes.

The characteristics of the separated-shear layer are altered slightly at smaller inter-

dune spacing; the separation bubble is smaller, the separated-shear layer is stronger,

and the bed shear-stress is larger. Away from the dunes, typical wall-turbulence struc-

tures are observed, but coherent eddies generated in the separated-shear layer due to

the Kelvin-Helmholtz instability are dominant near the dune. Coherent structures

are generated more frequently at smaller interdune spacing; they move farther away
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from the bed, towards the free surface, and remain in between the horns. At larger

interdune spacings, these coherent structures are advected in the spanwise direction

with the mean streamwise vortices and can be observed outside of the dunes.

5.2 Introduction

The interaction of turbulent flow with a mobile sand bed, when the flow is unidirec-

tional and sand supply is limited, results in the formation of barchan dunes in aeolian,

marine and fluvial environments. Barchans have a planform crescentic topography

with horns elongated in the downstream direction [82], and are extensively observed

in deserts on Earth [14, 85], and on Mars [27], but more rarely in rivers and the

oceans [3, 96]. The linear relationship between the width of the dune, its height and

wavelength and its three-dimensional shape are well understood [61]. Barchans rarely

exist as isolated forms and may occur in large fields [60] up to several hundred square

kilometers in area [89]. The sediment transport associated with barchan dunes has

attracted many researchers to study their fluid and morphological dynamics in many

differing environments with barchans.

The complexity of the three-way coupling between bedform, fluid flow, and sed-

iment transport can be simplified by considering one or two of these mechanisms in

isolation and then extracting their influence on the others [23]. This simplification

is justified knowing that sediment transport occurs at smaller spatio-temporal scales

than the energetic flow scales, and that these are smaller than the scales of bedform

deformation and interaction [60].

After the early work by Bagnold [14], the geomorphology of sand dunes has been

studied and discussed in review papers by Andreotti et al. [4] and Livingstone et al.
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[91]. A body of research has been devoted to small-scale grain transport mechanisms

over flat surfaces [4] and sloping bedforms considering the changes in the threshold of

sediment transport [58, 65]. Other research has studied the large-scale dynamics of

dunes by examining their dimensions [61] and interactions within dune fields [27], both

experimentally [43], or by modelling sand transport in a large domain and predicting

an equilibrium state for their size and arrangement [90].

Models for solitary dunes cannot describe the steady state of barchan dune fields

[60]; dunes receive sediment on their stoss side, and lose sediment through their horns;

hence large dunes grow and move slowly while small dunes shrink and move faster.

Additionally, based on the models in literature, the length scales required for the

instability of deformation are much smaller than the dune sizes found in nature [60];

hence, there must be yet unknown physics that keep dune fields steady and determine

the interdune spacing.

Most measurements and calculations of flow and sediment transport have been

performed on the streamwise-wall-normal symmetry plane of barchans, and especially

over the windward stoss side [84, 86, 97, 113, 149, 151]. Theoretical efforts have also

usually considered transverse dunes [48, 84, 86, 97, 149, 151] and adapted an extended

version of boundary layer theory [126] to the flow over gently sloping symmetrical hills

[66]. However, the velocity profiles do not often obey the logarithmic law-of-the-wall

over barchan dunes [48, 97, 151]. Early numerial experiments on the development

and migration of an isolated dune by Wippermann and Gross[152] assumed log-linear

behavior and could just explain the sensitivity of the wind speed on the shape of

barchan dunes, similar to the picture presented by Bagnold [14], Finkel [46] and

Allen [3].
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Advanced analysis of flow characteristics has often been performed over transverse

dunes [48, 97]. Some theoretical efforts [48] explained the shear layers over the lee

side of aeolian dunes and development of a thin internal boundary layer downstream

of the flow reattachment region. The intermittent behavior of turbulence structures

and sediment transport was studied by Mc. Kenna et al. [97] who studied the

frequency spectra of streamwise velocity fluctuations and sediment transport over

transverse dunes. At low wind speeds, close to the sediment transport threshold,

the intermittent nature of flow structures on sediment transport was found to be as

important as the mean flow. Mc. Kenna et al. [97] concluded that mean velocity

is not a good indicator of sediment transport mechanisms at low wind speeds. The

secondary flow over the lee side of transverse dunes has been studied by Walker

and Nickling [147, 148]; grainfall transport and deposition is strongly linked with

the vertical flow within the shear layer bounding the circulation bubble in the wake.

The reversed flow in the recirculation cell was found to be strong enough to return

sediment to the lee side of the dune [148].

An interesting and yet ambiguous phenomenon in the morphology of barchan and

transverse dunes is the sediment transport mechanism upstream of the toe of the

dune, where the mean bed shear-stress decreases but, contrary to the expectation of

sediment deposition in this area, the transport rate does not decrease. Researchers

conjecture that turbulence structures are responsible for sediment transport in this

region [97, 116, 147, 148, 150, 151]. The majority of sand transported is due to long-

lasting positive wind fluctuations, while the influence of short time-scale events on

the sediment transport is not yet understood. The concave curvature of streamlines

was assumed to be responsible for the increase in Reynolds shear stresses [151], with
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high-momentum structures being transferred to the low-momentum area near the

bed, which increases the instability and hence the stress.

On the upper half of the stoss side, the bedform curvature changes from concave

to convex, which stabilizes the flow that is also accelerated; these two mechanisms

have opposing effects on sediment transport, with acceleration often overcoming the

effects of curvature [150]. A third zone exists if the dune crest does not coincide

with the brink; flow decelerates after the crest towards the brink that, together with

the convex curvature, cause deposition of sand [151]. The dune profile (crest-brink

separated or crest-brink coincident) thus affects the lee side flow characteristics [13].

While an increase in Reynolds shear stress and the streamwise component of stress can

explain the maintenance of sand flux at the toe, further downstream, on the stoss side

and near the crest, flow acceleration plays a more significant role [148, 150]. A more

sophisticated study is required to clarify the effects of acceleration and streamline

curvature on the turbulence statistics and their budgets.

Several numerical studies have been conducted concerning flow over 3D barchan

dunes [139, 152]; they generally suffer from low grid resolution and inaccurate mod-

els. Reynolds-averaged Navier-Stokes solvers in 2D [115, 116] and 3D [59] provide

mean-flow characteristics (flow acceleration/deceleration, separation, reattachment,

and reversal) with qualitative agreement with the literature, but neglect the mean-

flow three-dimensionality and do not provide information on the instantaneous flow

structures observed in experiments [49, 97] and their importance; e.g., elongated sand

streaks observed on the stoss side of dunes, which indicate significant contributions

of wall turbulence to sediment transport [30, 49].
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The effects of interdune spacing on dune dynamics have been largely ignored, de-

spite the fact that the spacing affects the flow on the lee side of the upstream dune

and the stoss side of the downstream bedform [45], and may change the mechanisms

of sediment transport, which are assumed to depend on the spacing and dune sizes

[12, 113, 148]. The importance of the secondary flows observed in the lee side on in-

termittent sediment transport over the stoss side of the downstream dune was studied

by Walker and Nickling[148]; high variability in bed shear-stress in the reattachment

zone inhibits sediment deposition and can cause deformation of the stoss side of the

downstream dune. At interdune spacings close to the size of the separation zone,

regular deformation models [99] cannot explain the physics, even for transverse dunes

[12]. Palmer et al. [113] conducted a series of novel experiments on the effects of

interdune spacing on the features of the separated shear-layer, separation-bubble size

and approaching turbulence structures on the stoss side of the downstream dune.

The sheltering effect of the upstream dune on the flow over the downstream dune

was identified, in which the vortices formed on the separation zone shear layer were

advected downstream and transported energy to smaller scales.

The process of interaction between barchan dunes has been studied in aeolian [78]

and aqueous [43] environments. In water flows, Endo et al. [43] observed three types

of interaction occurring as the volumetric ratio between the two adjacent bedforms

increased: (1) absorption, (2) ejection, and (3) splitting. Kocurek et al. [78] supported

the hypothesis that interactions emerge from bedform-level sediment transport in a

hierarchy that includes grain-fluid interactions and dune-dune interactions.

However, all efforts to date lack an accurate representation of the bed shear-stress,

which provides insight on the sediment transport mechanisms in a three-dimensional
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view. Turbulent flow over the lee side of the dune, where the flow separates at the

crest and broad ranges of length- and time-scales are introduced into the turbulence

spectrum, is poorly understood. This situation is even more complicated as the flow

separates intermittently on the horns of the dune and, on some parts of the crest-

line, it is oblique with respect to the crestline. Additionally, the three-dimensional

characteristics of mean flow and turbulence have yet to be studied with a reasonable

resolution. The significant effect of interdune spacing on the mean-flow and instanta-

neous flow features have also yet to be examined in detail. In this paper, we present

a series of resolved large-eddy simulations of flow over a model barchan dune similar

to that studied experimentally by Palmer et al. [113] at various interdune spacings,

to obtain a more comprehensive understanding of the 3D mean flow characteristics

and turbulence coherent structures at differing dune spacings.

5.3 Problem Formulation

In large-eddy simulations, the velocity field is separated into a resolved (large-scale)

and a subgrid (small-scale) field, by a spatial filtering operation [88]. The non-

dimensionalized continuity and Navier-Stokes equations for the resolved velocity field

are

∂ui
∂xi

= 0, (5.1)

∂ui
∂t

+
∂uiuj
∂xj

= −∂P
∂xi
− ∂τij
∂xj

+
1

Re∞
∇2ui + fiδi,1, (5.2)

where Re∞ = U∞h/ν, h is the channel height, and U∞ is the free-stream velocity over

the toe of the dune. We use U∞ for the normalization of the statistics throughout the

paper. x1, x2 and x3 are the streamwise, vertical and spanwise directions, also referred
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to as x, y and z. The velocity components in these directions are, respectively, u1, u2

and u3 (or u, v and w). An overline denotes a filtered quantity, and τij = uiuj − uiuj

are the subgrid stresses, which were modeled using an eddy-viscosity assumption

τij − δijτkk/3 = −2νTSij = −2C∆
2|S|Sij. (5.3)

Here, ∆ = 2 (∆x∆y∆z)1/3 is the filter size, Sij = (∂ui/∂xj + ∂uj/∂xi) /2 is the

resolved strain-rate tensor and |S| =
(
2SijSij

)1/2
is its magnitude. The coefficient C

is determined using the dynamic model [53] with the Lagrangian averaging technique

proposed by Meneveau et al. [102], and extended to non-Cartesian geometries by

Jordan [68] and Armenio and Piomelli [6]. The flow is driven by a mean pressure

gradient, fi, which is determined at each time step to ensure a fixed flow rate through

the channel.

The governing differential equations (5.1) and (5.2) are discretized on a non-

staggered grid using a curvilinear finite-volume code. The method of Rhie and Chow

[120] is used to avoid pressure oscillations. Both convective and diffusive fluxes are

approximated by second-order central differences. A second-order-accurate semi-

implicit fractional-step procedure [74] is used for the temporal discretization. The

Crank-Nicolson scheme is used for the wall-normal diffusive terms, and the Adams-

Bashforth scheme for all the other terms. Fourier transforms are used to reduce

the three-dimensional Poisson equation into a series of two-dimensional Helmholtz

equations in wave-number space, which are solved iteratively using the BiConjugate

Gradient Stabilized method. The code is parallelized using the Message-Passing In-

terface and the domain-decomposition technique, which have been extensively tested

for turbulent flows [110, 111, 118, 119, 131, 132].
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Figure 5.1: Geometry of the barchan dune model.

The barchan dune (Figure 5.1) was generated from the model used in the experi-

ments of Palmer et al. [113] that reflects the typical shape of barchans in nature [60].

The aspect ratio of the current model falls in the range of laboratory and field mea-

surements [113]. The barchan model has a length of λ = 3.62h, width of W = 3.62h,

and height of H = 0.135h. The ratio of the dune height, H, to the channel height,

h, is equal to the ratio of the dune height to the boundary layer thickness in the

experiment [113]. The simulation adopts an immersed boundary method based on

the volume of fluid (VOF) technique [62] to model the barchan. On the bed, the

no-slip boundary condition is used, and periodic boundary conditions are employed

in the streamwise (x) and spanwise (z) directions. The top surface is assumed to be

rigid and free of shear stress: the vertical velocity is set to zero there, as are the ver-

tical derivatives of the streamwise and spanwise velocity components. The Reynolds

number ranged between 25900 ≤ Re∞ ≤ 26640 for different simulations and is less

than half that of the experiments of Palmer et al. [113] (Re∞ = 55460).



CHAPTER 5. LES OF BARCHAN DUNES 165

Case No. Spacing Nx ×Ny ×Nz ∆x+max ∆y+max ∆z+max
1 0.00 λ 160× 281× 512 28.86 0.83 10.55
2 0.34 λ 192× 281× 512 29.49 0.85 10.78
3 0.68 λ 224× 281× 512 28.67 0.82 10.48
4 1.02 λ 256× 281× 512 28.81 0.83 10.53
5 2.38 λ 384× 281× 512 27.15 0.78 9.92

Table 5.1: Properties of the test cases. The interdune spacing is defined as the
distance between the streamwise location of the horns of upstream dune and the base
of the upstream stoss side of the downstream dune.

A series of simulations was conducted to study the effects of interdune spacing on

the physics of the flow (Table 5.1). A Cartesian mesh was generated, with the grid

distribution in the wall-normal direction being uniform up to the highest point of the

dune, and then stretched by a hyperbolic tangent function. The grid in the spanwise

direction was uniform, while in the streamwise direction a higher resolution was used

over the lee side of the dunes, since the bed slope is significant in this zone and the

flow separates. For all cases mentioned in Table 5.1, the grid distribution was the

same. We performed a grid refinement study for Case 1 with a focus on the resolution

of the VOF model over the lee side of the dune, as well as the convergence of statistics.

Three simulations with 64×158×128, 128×158×256, and 160×281×512 grid points

were examined, with the two finest simulations producing grid-converged results with

resolution ∆x+ < 28.86, ∆y+ < 0.83, and ∆z+ < 10.55, where the plus sign in the

superscript represents normalization with respect to the local bed shear-velocity uτ

and kinematic viscosity ν. First- and second-order statistics were within 5% of each

other for all resolutions. Only the results obtained with the finest grid resolution are

shown herein. Note that the grid spacings above are comparable to those used in

many Direct Numerical Simulations of the Navier-Stokes equations.

The equations were integrated for 900H/U∞ time units to remove transient effects,
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and then statistics were accumulated over 1200H/U∞ time units. To increase the

sample size, averaging was also performed over the symmetric points in the spanwise

direction. To verify the adequacy of the sample, we compared statistics obtained

using only half of the sample with those obtained using the complete sample, and

found that the mean velocities differed by less than 3%, and the root-mean-square

(rms) intensities by less than 7%.

5.4 Results

The present model has been extensively validated in three-dimensional flows with sep-

aration [118, 119], and over dunes in particular [110, 111]. [110] performed extensive

quantitative comparisons of the LES model (carried out with the present code and

with similar parameters and grid spacings) with experiments and other simulations

for the flow over 2D dunes, obtaining excellent agreement with the reference data

with grid spacings similar to the present; the extension to 3D dunes [111] showed

that the main features of the flow are also captured well for highly three-dimensional

mean flows. In the present work, comparison of the numerical model with the ex-

periments [113] is difficult because of substantial differences between experimental

and numerical configurations. First of all, the periodic condition in the horizontal

directions used in the present model implies that we simulate the fully developed flow

over an infinite array of dunes, uniformly distributed in the streamwise and spanwise

directions. The experiments [113], on the other hand, considered either an isolated

dune, or two barchans in tandem with zero streamwise spacing. Secondly, the ex-

periment was carried out in a boundary layer, while in the simulation, since periodic

boundary conditions were used, no boundary layer growth was allowed, and the top
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boundary of the domain was a line of symmetry; the lack of entrainment (or detrain-

ment) thus alters the acceleration (or deceleration) that the mean flow experiences,

and may also affect some turbulence quantities. Finally, and most importantly, the

Reynolds number in the experiment is over twice that of the numerical simulation.

Since the number of grid points required by a resolved LES scales with Re37/14 [32],

the extra computational cost required by a calculation that matched the experiment

would have made this study infeasible. Despite these differences, the agreement is

qualitatively and quantitatively good, as will be shown below. In the following, we

first compare the numerical results with the experimental data that are available only

for the symmetry plane; then, we stress the three-dimensional features of the mean

flow. Finally, we examine instantaneous flow visualizations to highlight the effects of

the dune configuration on the turbulence structure.

5.5 Statistics in the Symmetry Plane

Mean streamwise velocity contours and streamlines are shown for experiments [113]

and simulations in Figure 5.2. We chose Cases 1 and 5, which more closely resemble

the experimental configurations: Case 5, which has the largest interdune spacing is

found to be similar to the isolated dune case, while Case 1 is similar to the case in

which measurements were taken over the second dune in an array with zero stream-

wise spacing. An important difference between experimental and numerical results is

the higher velocity observed over the crest in the simulations, compared to the exper-

iments. Two reasons contribute to this behavior: the additional blockage in the open

channel (compared with the boundary layer), and secondary flows that are observed

in the simulation, and which will be discussed later. The flow separates at the crest
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Figure 5.2: Contours of streamwise velocity, 〈u〉/U∞, and streamlines on the centreline
plane of (a) isolated dune [113], (b) Case 5, (c) downstream dune of zero interdune-
spacing array [113], and (d) Case 1. Arrows show the streamwise position of the
reattachment point.
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and reattaches on the bed at xr/H ' 4.5 − 5.6. The predicted reattachment length

is slightly larger than in the experiments, perhaps because of the higher velocity over

the crest predicted by the simulations. In the zero-spacing cases (Figure 5.2(c,d)), the

reattachment length decreases further (compared to the isolated dune case) because

of the bed-ward motion upstream of the dunes, reflected by the streamline curvature

at x/H < −8.0.

A comparison of the Reynolds shear stress between simulations and experiments

(Figure 5.3) reveals the contribution of the upstream dune on the flow over the down-

stream barchan when the dunes are close to each other. Although the separated

shear layer is stronger in the simulations due to the higher speed (and velocity gradi-

ent, ∂〈u〉/∂y), the extension of the shear layer towards the downstream dune agrees

with the experiment. We also observe good agreement between the case with the

largest spacing and the isolated dune of the experiment, indicating that, by 2.38λ,

the sheltering effect of the upstream dune on the downstream barchan has become

small.

Velocity and Reynolds stresses are also shown in Figure 5.4, in which profiles

are compared at three locations: upstream of the dune (x/H = −9.0), at the crest

(x/H = 0.0), and over the lee side of the dune (x/H = 2.0). The freestream velocity

at the toe of the dune is used for normalization of the data. The behavior of the

velocity profiles is similar to the experiments [113], despite some differences that

can be attributed to the Reynolds number (the experimental profiles being fuller for

instance). For the zero-spacing case, the effect of the upstream dune is reflected in a

two-layer structure of the mean velocity, in which the wake with higher momentum

overlies the internal boundary layer at the bed; this results in an inflectional velocity
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Figure 5.3: Contours of Reynolds shear stress, −〈u′v′〉/U2
∞, and streamlines on the

centreline plane of (a) isolated dune [113], (b) Case 5, (c) downstream dune of zero
interdune-spacing array [113], and (d) Case 1.
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Figure 5.4: (a-c) Streamwise velocity profiles, (d-f) Planar turbulent kinetic energy,
and (g-i) Reynolds shear stress at (a,d,g) x/H = −9.0, (b,e,h) x/H = 0.0, and (c,f,i)
x/H = 2.0; Case 5, Case 1, � isolated dune, and � zero spacing in the
experiment [113].
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Figure 5.5: Mean velocity profiles in wall units for Case 5 at the locations shown in
(d). Logarithmic law-of-the-wall: u+ = ln y+/κ+ 5.0.

profile. The inherent instability of the inflectional profile results in higher levels of

plane turbulent kinetic energy, q2s = (〈u′u′〉 + 〈v′v′〉)/2, and primary Reynolds shear

stress, −〈u′v′〉/U2
∞. On the other hand, the isolated case shows a single layer, similar

to a boundary layer profile, and also to the largest interdune-spacing LES (Case

5). The two-layer profiles are still observed over the crest (Figure 5.4(b)) but have

disappeared over the lee side (Figure 5.4(c)).

The profiles of Reynolds stresses also show good agreement with the experiments.

Two peaks in the vertical profile of the turbulent kinetic energy, Figures 5.4(e) and

(f), for Case 1 represent two shear layers, with the overlying one being weaker. At the

crest (Figure 5.4(e)), there is a near-bed peak representing the developing boundary

layer on the stoss side for both simulations, and a second peak at y/H ' 2.0 for the
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zero-spacing case due to the upstream dune. Over the lee side (Figure 5.4(f)), the

outer-layer peak can still be observed at y/H ' 2.5, while all cases show significant

turbulent kinetic energy in the separated-shear layer. Upstream of the dunes, Figure

5.4(d), the internal boundary layer on the bed has a single peak, while the zero-spacing

case has a second (outer) one due to the separated-shear layer coming from upstream.

The primary Reynolds shear stresses (Figures 5.4(g-i)) are also more significant in

the separated-shear layer, compared to the developing boundary layer; at the crest,

the peak of the profiles near the bed has disappeared due to the acceleration of flow

on the stoss side, which dampens the turbulence near the bed [150]. This behavior

will be examined further later.

After flow reattachment, the flow on the centerline exhibits a region in which the

pressure gradient is nearly zero; this zone extends, for Case 5, from x/H ' −49.5

to −14.0, for a total length of 35.5H. The velocity profiles in wall units on four

vertical lines along this region are shown in Figure 5.5. The profiles approach the

log-law from below, and at the end of the zero pressure gradient zone they show a

region of logarithmic behavior. The boundary-layer recovery is faster at the beginning

of the zero-pressure region, and becomes significantly slower from x/H = −30.0 to

x/H = −14. Although the velocity profile shows a region of equilibrium, the flow is

still developing slowly after x/H ' −35; hence the recovery of the flow is not complete

with this inter-dune spacing. Baddock et al. [13] reported 17.23H as the recovery

distance of a barchan dune based on the mean velocity close to the bed. Although

they examined the recovery of flow for an isolated dune, their result is close to this

simulation, 14.5H. The recovery distance of flow for transverse dunes, x/H > 25

[39, 148], and in fluvial environments, x/H ' 30 − 50 [99] are much larger than the
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Figure 5.6: RMS velocity profiles and Reynolds shear stress in wall units for Case 5
at the locations shown in (d); (a) u′rms, (b) v′rms, (c) w′rms, (d) u′v′+.

current results. Frank and Kocurek [48], however, reported a much smaller distance,

x/H ' 8, for the flow recovery for closely spaced transverse dunes. In general, the

recovery mechanism is affected by the upper wake layer over the boundary layer;

the energy transfer between these two layers may enhance internal boundary layer

development. After the zero-pressure gradient zone, the flow decelerates due to the

adverse pressure gradient upstream of the toe, and deviates again from an equilibrium

state; the velocity profile goes above the law-of-the-wall (Figure 5.5) as the bed shear-

stress decreases.
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Development of the root-mean-square (RMS) velocity fluctuations and primary

Reynolds shear stress in Case 5 is shown in Figure 5.6. At the beginning of the

zero-pressure-gradient region, the signature of the overlying wake layer appears as an

outer layer peak in the profiles of u′rms and u′v′+. The profiles further downstream

(x/H = −30.0 and −14.0) are similar to each other, and justify our conclusion that

the development of the internal boundary layer slows down after 14.5H. Spanwise

and wall-normal Reynolds stresses do not show the two peaks typical of wall-bounded

flows with wake interaction [15], where v′+ and w′+ profiles are significantly affected

throughout the depth, and the level of stresses are significantly higher than that noted

in a smooth open channel flow. Profiles at the toe of the downstream dune, after a

zone of deceleration, shows a significant increase of turbulence level, consistent with

many observations in the literature [116, 147, 148, 150, 151]. The sustained sediment

transport that occurs in this region, despite a decrease in the bed shear-stress, is

usually explained by this increase in turbulence activity.

For smaller interdune spacings, the zero-pressure-gradient zone is much shorter; it

is 1.8H for Case 1, 6.7H for Case 2, 11.9H for Case 3, 17.2H for Case 4, and 35.5H

for Case 5. Figure 5.7 shows the velocity profiles in wall units at the end of the zero-

pressure gradient zone of the simulations, and shows the region of deceleration at the

toe of the downstream dune to start earlier for larger interdune spacings. The internal

boundary layer is still in significant development at a small interdune spacing, while

the difference between Cases 4 and 5 is small, especially if we consider the very large

difference between their interdune spacings, 24.58H.

The effect of interdune spacing on the Reynolds stresses in the toe region of dunes

is shown in Figure 5.8. As the interdune spacing decreases, the streamwise velocity
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Figure 5.7: Mean velocity profiles in wall units at the toe of the dune. Case 1,
x/H = −9.8; Case 2, x/H = −11.2; Case 3, x/H = −12.2; Case
4, x/H = −12.8; Case 5, x/H = −14. Logarithmic law-of-the-wall: u+ =
ln y+/κ+ 5.0.

fluctuations in the boundary layer decrease, but the wall-normal and spanwise fluc-

tuations increase at the same time as the second peak in u′+ increases; the Reynolds

shear stress remains unchanged close to the wall, while in the overlying layer the

wake region is stronger for smaller interdune spacings. The decrease in the internal

boundary layer stresses is related to a shorter development distance, and the increase

in the wake layer stresses is related to a shorter decay distance of the upstream sepa-

rated shear layer. If turbulence activity near the bed sustains sediment transport at

the toe of the dune [97], then sediment transport in this region should decrease with

decreasing interdune spacing; this may explain the bedform repulsion effects found

in deserts [44] and experiments [43] in which, if the approaching upstream dune is

close to a downstream one (less than one dune length), it absorbs the dune by halting

sediment transport in the toe region. Our results also indicate that the sediment
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Figure 5.8: RMS velocity profiles and Reynolds shear stress in wall units at the toe
of the dune. Case 1, x/H = −9.8; Case 2, x/H = −11.2; Case 3,
x/H = −12.2; Case 4, x/H = −12.8; Case 5, x/H = −14.
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Figure 5.9: Skin friction coefficient on the stoss side of dunes (−8.0 ≤ x/H ≤ 0.0).
Case 1; Case 2; Case 3; Case 4; Case 5.

transport at the toe may be decreased for distances of this order.

The skin friction coefficient,

Cf =
τw

1/2ρU2
∞
, (5.4)

along the stoss side of dunes on the centerline symmetry plane is shown in Figure 5.9,

where τw is the bed shear stress. The skin friction increases as the flow rises along

the stoss side and reaches the crest at x/H = −0.1. The interdune spacing affects

the friction coefficient at the toe, x/H = −8.0, which changes by about 30%, while

along the stoss slope the difference between cases is small. With larger interdune

spacings, the bed shear-stress is smaller, and any difference in sediment transport

caused by the mean shear stress would likely not be significant. Note that the skin

friction oscillates along the stoss side due to the waviness of the surface of the model;
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Figure 5.10: RMS velocity profiles and Reynolds shear stress in wall units; (a) u′rms,
(b) v′rms, (c) w′rms, (d) u′v′+ along the stoss side of dunes on the centreline symmetry
plane. Case 1; Case 2; Case 3; Case 4; Case 5.

the skin friction has a minimum at x/H = −7.6 where the deceleration is maximum

and the stoss side of the dune starts. The second minimum in the skin friction occurs

at x/H = −5.0 due to a local deceleration of flow caused by these surface waves.

Figure 5.10 shows turbulence statistics along a line 0.1H above the bed. Through

most of the zero-pressure gradient region, this line lies in the buffer layer. All cases

present similar profiles; two peaks are present at the dune toe and on the stoss

side. The peak at the toe, x/H ' −8.0, corresponds to flow deceleration which

enhances turbulence; the second peak at x/H ' −5.0 corresponds to the location

where the wall stress has local minima (Figure 5.9). Reynolds stresses decay in the
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accelerating-flow region on the stoss side, even without the normalization of stresses

with the bed-shear stress. The Reynolds shear stress (Figure 5.10(d)) is negative at

the dune toe, but changes sign in the acceleration region. Baddock et al. [13] observed

a similar behavior and related this to the curvature of the bed, which is highest there;

hence the definition of quadrants is altered and a positive value of u′v′ does not mean

that the turbulence activity is fundamentally altered. We examined this conclusion

by rotating the co-ordinate frame into parallel- and normal-to-bed co-ordinates; the

rotation is a maximum at x/H ' −5.0 and is about 11o with respect to x. The

Reynolds shear stress shown for Cases 2 and 4 in Figure 5.11 is negative in the new

system of co-ordinates; the peak at x/H = −5.0 disappears when the stress is not

normalized with the wall-shear stress and in general 〈u′v′〉/U2
∞ increases slightly over

the stoss side due to acceleration.

At the dune toe, where the stoss side begins, the streamwise velocity fluctuations

(Figure 5.10(a)) are higher for Cases 4 and 5 (larger interdune spacing) by over 30%.

The wall-normal and spanwise turbulence intensities, on the other hand, are signifi-

cantly larger for small interdune spacings (Cases 1 and 2); the large differences in the

intensities are consistent along the stoss side, and are not a local effect. We conjecture

that penetration of the wake layer into the internal boundary layer at small inter-

dune spacing causes a boost in the wall-normal and spanwise intensities all along the

stoss side. We examined the budgets of the normal Reynolds stresses to understand

the contribution of the wake layer to the turbulence intensities over the stoss side

of dunes; significant differences exist between Cases 1 and 5 in −〈u〉∂〈v′v′〉/∂x and

−〈w′∂p′/∂z〉/ρ that are dominant terms in the mean-flow advection and the pres-

sure transport of the wall-normal Reynolds stress, 〈v′v′〉, and the spanwise normal
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Figure 5.11: Reynolds shear stress in the parallel- and normal-to-bed coordinate frame
along the stoss side of dunes on the centreline symmetry plane. Case 2; Case
4.

Reynolds stress, 〈w′w′〉, budgets respectively; these terms are larger in Case 1 by a

factor greater than two.

At the dune toe, interdune spacings smaller than 1.02λ do not allow the wall

turbulence to be amplified as the flow decelerates. Over the stoss side, the wake region

overlying the internal boundary layer interacts with the wall region and enhances the

wall-normal and spanwise turbulence in the cases with interdune spacings smaller

than 0.68λ. Additionally, over the second half of the stoss side, the flow accelerates,

which decreases the turbulence, but increases the skin friction. These modifications

of the turbulence characteristics can be expected to affect significantly the sediment

transport.

The flow separation at the crest produces a strong shear layer, which destabilizes
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Figure 5.12: (a) 〈u〉/U∞, (b) 〈v〉/U∞, (c) 〈w〉/U∞, and (d) 〈u′v′〉/U2
∞ over three

vertical lines at x/H = 2.0 passing through the separation zone, x/H = xr at the
reattachment point, and x/H = 10.0 downstream of the reattachment point and
aligned with the streamwise location of horns. Case 1; Case 2; Case
3; Case 4; Case 5.
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the flow and increases turbulence. The Reynolds shear stress contours, shown in

Figure 5.3, already highlight its importance. Velocity, turbulent kinetic energy, and

Reynolds shear stress profiles along three vertical lines passing through the separated-

shear layer are shown in Figure 5.12. 〈v′v′〉/U2
∞ and 〈u′v′〉/U2

∞ are significant in

the shear layer where the mean flow bends towards the bed; 〈w′w′〉/U2
∞ presents

significant turbulence in the shear layer and near the bed around the reattachment

point. Profiles at x/H = 2.0, inside the separation bubble, show the reversed flow

near the bed and the shear layer above it. The mean velocity in the separation bubble

does not change significantly with interdune spacing, but the downward flow in the

separated-shear layer is faster for more closely-spaced cases; the maximum vertical

velocity for Case 5 is only 56% of the that in Case 1. Turbulent kinetic energy

and the Reynolds shear stress are smaller for largely-spaced dunes (Case 5) since

the separated flow has a smaller velocity gradient, ∂〈u〉/∂y (Figure 5.12(a)). The

difference in the turbulent kinetic energy (Figure 5.12(c)) and the Reynolds shear

stress (Figure 5.12(d)) decreases as the profiles move downstream and the effect of the

interdune spacing becomes negligible. On the other hand, vertical velocities (Figure

5.12(b)) coincide with each other at x/H = 10.0 except for Case 1, where the profile

is at the toe of the following dune, and the vertical velocity is directed upwards. In

conclusion, large-moderate interdune spacings do not affect the turbulence statistics

of the separated-shear layer significantly, and by 10H after the crest all statistics

converge. However, if the spacing between the dunes is small, here less than 0.34λ,

this conclusion is invalid as the flow can develop for less than 10H before the next

dune is reached.
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Figure 5.13: Streamlines close to the bed for the barchan dune of Case 3. Streamlines
are coloured with the magnitude of the velocity vector. Contour lines of mean pressure
are shown on the bed surface; 〈p〉 = 0.0, 〈p〉 = −0.005ρU2

∞.

5.6 Mean-Flow Three-Dimensionality

In Figure 5.13 we show mean streamlines near the bed (realeased at y/H = 0.1

upstream of the dune). The streamlines close to the centerline plane (labeled by

number 1) diverge as they rise on the stoss side, separate at the crest, then move

towards the bed. Away from the centerline plane, the streamlines (labeled by number

2, Figure 5.13) diverge toward the horns and separate at the crest, but, once they enter

the separation bubble, they meander towards the horns while remaining near the bed.

Streamlines far away from the centerline plane (labeled by number 3, Figure 5.13)

diverge toward the horns and never separate. Contours of the velocity magnitude

show that streamlines on the bed are accelerated after passing the barchan.

The bed shear-stress is strong over the stoss side of dunes close to the crest (Figure

5.14). At the dune toe, the flow diverges from the centerline plane, and the bed stress

decreases, as shown in the profile of Figure 5.9; away from the centerline and along

the horns the stress is large, as the flow rises up the stoss side. Figure 5.14 shows
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that the separation bubble does not extend all the way along the horns: the separated

flow at the crest reattaches on the bed and, due to the three-dimensionality of the

separation line, a nodal point of attachment appears away from the symmetry plane

(point p2, blue bullet in Figure 5.14). The bed shear-stress is larger downstream of

this point: high-momentum fluid that separated at the crest reattaches, increasing

the pressure and the stress. Compared to the streamlines around the nodal point

of attachment, a saddle point of separation appears downstream of the dune on the

symmetry plane (point p1, red bullet in Figure 5.14) where the shear stress is small

and the near-bed flow converges towards the centerline plane from the sides. The

separation bubble contains a large secondary flow, and a few small secondary flow

regions, over the lee side of the dune, which cause weak points of separation and

attachment. These features close to the bed are often observed in the separation

bubble of three-dimensional objects [29, 111]. All other cases in our simulations

present a similar trend; of note, the bed shear-stress does not change significantly

with dune spacing (Figure 5.9 and 5.16(a)). From a series of streamlines over the

stoss side of the dune, we note that the separation bubble and the reattached flow

converge to a single streamline along the horn and leave the dune from that side,

consistent with Figure 5.13. The observation that barchan dunes lose sediment from

the horns [49, 60], is explained by our results.

The dune creates two streamwise vortices that induce secondary flow. In Figure

5.15 contours of mean streamwise vorticity and streamlines in the cross planes (i.e.,

calculated from V and W components of the velocity only) are shown. As the flow

near the bed approaches the dune it diverges toward the closest horn. This induces

convergence of high-momentum fluid away from the bed towards the centerline plane,
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Figure 5.14: Contours of bed shear-stress, τw/ρU
2
∞ for Case 3. Streamlines represent

the flow direction at the first grid point above the bed surface. • saddle points of
separation; � nodal points of attachment; N nodal points of separation.

which results in formation of two counter-rotating streamwise vortices aligned with

each horn, and with a diameter close to the flow depth. The strength of these vortices

is two orders of magnitude smaller than the vorticity of the secondary flow within the

separation bubble. This pattern of secondary flow is consistent for all other cases,

but the vorticity magnitude decreases as the interdune spacing increases. This may

be due to the periodic boundary conditions, since each vortex is amplified by the next

dune in the array. Note that in the experiments of Palmer et al. [113] either a single

dune or two dunes only were considered. The streamwise vortices were, therefore,

weaker than in the present case, in which an infinite array of barchans is considered,

each dune strengthening the vortices generated upstream. Since the downwash in the

plane of symmetry is weaker, lower streamwise velocity should be expected in this

plane, compared to the simulations, which was observed in Figure 5.4(a-c).
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Figure 5.15: Contours of mean streamwise vorticity, ΩxH/U∞, on two vertical planes
across the channel at the crest, x/H = 0.0, and at the toe, x/H = −8.0, for Case 3.
Streamlines tangential to these planes show the secondary flow. Contour lines of the
mean pressure are shown on the bed surface; 〈p〉 = 0.0, 〈p〉 = −0.005ρU2

∞.

We have already observed how the interdune spacing affects turbulent statistics. In

Figure 5.16, we show the vertical (wall-normal) and spanwise Reynolds stresses along

a line 0.1H from the bed, in the middle of the stoss side (x/H ' −5.0). The bed

shear-stress is not affected significantly by the interdune spacing (Figure 5.16(a)) and

over the stoss side of the dune, −4.0 ≤ z/H ≤ 4.0, the Reynolds stress is smaller due

to the divergence of flow from the centerline plane, shown in Figure 5.14. 〈v′v′〉/U2
∞

drops over the stoss side while along the horns it increases significantly; at small

interdune spacing (Case 1), due to the sheltering effect of the upstream dune, the

down flow of the fluid is more significant, which carries turbulence structures to the

near-wall region. The spanwise normal Reynolds stress (Figure 5.16(c)) has a peak

on the centerline of the dune and is larger for smaller interdune spacings. In Case 5,

when the distance between dunes is large, 〈w′w′〉/U2
∞ is uniform across the channel,

indicating that the sheltering effect of the upstream dune has become much weaker.

The effect of the stronger turbulent motions on the sediment transport, and of the
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Figure 5.16: (a) uτ/U∞, (b) 〈v′v′〉/U2
∞, and (c) 〈w′w′〉/U2

∞ on the stoss side (x/H =
−5.0), 0.1H above the bed. Case 1; Case 2; Case 3; Case 4;

Case 5.

turbulence structures penetrating into the internal boundary layer, deserve further

future study.

Budgets of turbulent kinetic energy on the stoss side are shown in Figure 5.17 for

Cases 1 and 5. The dune-to-dune interaction, which is strong in Case 1, results in

a much thicker layer in which the turbulent kinetic energy transport is important.

Two factors contribute to this effect: the shear layer produced by the upstream

dune, which overlays the near-bed boundary layer, and the motion induced by the

streamwise vortices, which is much stronger in Case 1. The contribution of the shear

layer is most significant in the production of TKE and pressure transport, while the

footprint of the streamwise vortices is very clear in the dissipation contours. The mean

secondary flow also advects wall turbulence away from the dune (Figure 5.17(c,d));
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Figure 5.17: Contours of terms in the turbulent kinetic energy budget at x/H = −5.0:

(a,b) production, −〈u′iu′j〉
∂〈ui〉
∂xj

, (c,d) mean-flow advection, −〈uj〉 ∂k∂xj , (e,f) dissipation,

−ν
〈
∂u′i
∂xj

∂u′i
∂xj

〉
+
〈
∂u′i
∂xj
τ ′ij

〉
, and (g,h) pressure transport, −1

ρ

〈
u′i

∂p′

∂xi

〉
. (a,c,e,g) Case 5,

and (b,d,f,h) Case 1.
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in Case 1, mean flow advection is also significant in the wake region (Figure 5.17(d)).

5.7 Instantaneous Flow Structures

Contours of u′ on a plane parallel to the bed and close to it are shown in Figure

5.18 for the cases with the largest and smallest interdune spacings, Cases 5 and 1.

The flow approaching the dune in Case 5 has the streaky structure characteristics of

a smooth open channel, with alternating streaks of low- and high-momentum fluid.

Note the predominance of low-speed streaks in the region immediately inboard of the

horns, due to the up flow of the streamwise vortices. Flow acceleration over the stoss

side of the dune tends to elongate the streaks, consistent with the observations of

Franklin and Charru [49], who observed streamwise stripes with regular spacing on

the stoss side of their barchan dune. On the lee side, spanwise-oriented structures are

observed between the horns in the recirculation region. Downstream of reattachment

the structures are reorganized and within a dune length, the low- and high-speed

streaks are reformed. Case 1 presents different characteristics; the streaks are shorter

and the footprint of the overlying streamwise vortices is stronger. The magnitude of

fluctuations is larger for Case 1; the closely-spaced dune arrangement enhances the

wall turbulence, and would also affect sediment transport in mobile-bed barchans.

Isosurfaces of the second invariant of the velocity-gradient tensor Q,

Q = −1

2

∂ui
∂xj

∂uj
∂xi

(5.5)

and pressure fluctuations p′ are shown for Cases 5 and 1, respectively, in Figures 5.19

and 5.20. Q has been shown to be very effective in visualizing small turbulent eddies,
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Figure 5.18: Contours of u′ on a plane parallel to the bed surface with a distance
0.025H for (a) Case 5, and (b) Case 1. The lines correspond to the bed levels at
y/H = 0.03, 0.5, and 0.9.
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while p′ is better at highlighting the larger coherent structures [41]. The white circles

highlight some turbulent structures. Narrow elongated streamwise structures are

observed over the stoss side of the dune (region 1 in Figure 5.19(a)); these structures

are longer than the typical wall streaks, as observed before, because of the acceleration

of the flow on the windward slope. Separated spanwise vortices at the crest are

identified by both Q and p′ (region 2). These rollers are generated by a Kelvin-

Helmholtz instability of the strong shear layer after separation of flow at the crest and,

while convected downstream, undergo a three-dimensional instability and lose their

coherence (region 3); downstream of the dune, signs of turbulent activity from the

wake region of the upstream dune are still observed. Away from the centerline plane,

large coherent structures are rarely observed (those in region 4 are an example); when

they occur, they do so in the outer region of the flow. These structures are convected

downstream and away from the centerline plane by the mean secondary flow (Figure

5.15). Pressure fluctuations identify large but weak structures away from the bed

(region 5) that are not observed by the Q criterion. Coherent structures away from

the bed most frequently occur outboard of the horns (regions 4 and 5), where the up

flow of the secondary flow enhances their advection towards the free-surface.

For closely spaced dunes (Case 1) the eddies are significantly more coherent (Fig-

ure 5.20). Note that the isosurface levels of p′ in this Figure are twice as large as those

shown in Figure 5.19. Most of the structures are observed close to the centerline sym-

metry plane (regions 1 and 2); outside the horns, large scale packets of eddies rarely

appear (region 3 is an example). Isosurfaces of p′ identify the rollers at the crest of

dunes (ellipsoid 1 in Figure 5.20(b)), which are bigger, wider and more coherent in

Case 1 compared to Case 5, due to a larger velocity gradient in the separated-shear
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Figure 5.19: (a) Isosurfaces of the second invariant of velocity gradient tensor,
QH2/U2

∞ = 0.35, and (b) isosurfaces of pressure fluctuation, p′/ρU2
∞ = −0.007,

coloured by distance from the bed at y/H = 0.0 for Case 5.
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Figure 5.20: (a) Isosurfaces of the second invariant of velocity gradient tensor,
QH2/U2

∞ = 0.70, and (b) isosurfaces of pressure fluctuation, p′/ρU2
∞ = −0.014,

coloured by distance from the bed at y/H = 0.0 for Case 1.

layer (Figure 5.4). For closely-spaced dunes, the coherent structures convected down-

stream contribute to flow over the stoss side (region 2), and alter the structures close

to the bed (Figure 5.18).

The contours of spanwise vorticity fluctuations and streamwise velocity fluctua-

tions (Figure 5.21) also show the significant influence of interdune spacing on the

flow structures. In Case 1, the flow is affected by the bed roughness much further

from the bed, up to 5H, while in Case 5 very few structures are observed above 2H.

In the separated shear layer, small-scale vortices are observed for both cases, but

downstream the eddies are confined to the wake region in Case 5, while the separated
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Figure 5.21: Contours of spanwise vorticity fluctuations, ω′zH/U∞ on the centreline
symmetry plane of (a) Case 5 and (b) Case 1. Solid lines represent u′/U∞ = 0.12,
and dashed lines show u′/U∞ = −0.12.

eddies mix with the upper part of the shear layer in Case 1. The mean turbulent

kinetic energy and Reynolds shear stress are more than 20% larger in the separated

shear layer of Case 1 than Case 5 (Figure 5.12(c,d)). Coherent structures approach-

ing the stoss side of the dune in Case 5 are elongated in the streamwise direction,

typical of a boundary layer (Figure 5.21(a)), while in closely-spaced dunes they more

resemble a wake structure, with similar scales in streamwise and normal directions

(Figure 5.21(b)). The contribution of these structures to the turbulent kinetic energy

is significant, as shown by Palmer et al. [113].
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5.8 Discussion and Conclusions

The flow over barchan dunes has been studied through a series of numerical sim-

ulations of an infinite array of dunes, with variable spacing between dunes in the

streamwise direction. The flow has some characteristics in common with that over

transverse dunes (deceleration and acceleration of flow over the stoss side, flow sepa-

ration and formation of a shear layer at the crest, reattachment on the bed and de-

velopment of an internal boundary layer), but the complex three-dimensional shape

of barchans introduces mean secondary flow across the channel and alters turbulence

over the stoss side. The current simulations are validated against experiments [113]

and provide a comprehensive three-dimensional picture of mean flow characteristics

and instantaneous flow structures.

Barchan dunes induce the formation of two counter-rotating streamwise vortices

along each horn. These vortices direct high-momentum fluid toward the symmetry

plane and low-momentum fluid near the bed away from the centerline. In our con-

figuration with barchans aligned in the spanwise direction, and with the periodic

boundary condition used, the streamwise vortices become stable.

The flow near the bed, upstream of the dune, diverges from the centerline plane,

decelerates and rises on the stoss side of the dune. Flow close to the centerline plane

separates at the crest and reattaches, while far from the centerline plane and along

the horns flow separation occurs intermittently. The flow in the separation bubble

meanders towards the horns and leaves the dune. We note that the flow in the

separation bubble may be capable of transporting high concentrations of sediment

that will exit the dune from the horns, which explains many observations in field

and laboratory measurements indicating that barchans loose sediment downstream
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via their horns.

The characteristics of the separated-shear layer are altered by the interdune spac-

ing; the separation bubble is smaller, the separated-shear layer is stronger, and the

bed shear-stress is larger at smaller interdune spacing. The statistics of the shear

layer converge at a distance downstream, x/H = 10.0, except for Case 1, in which

the shear layer responds more strongly to the presence of the downstream dune. The

separated flow at the crest reattaches on the bed, except on the symmetry plane,

where a weak saddle point of separation appears on the bed. The features of the

separation bubble are similar to other three-dimensional dunes; a nodal point of reat-

tachment appears outside the centerline plane where high-momentum fluid reattaches,

and the bed shear-stress is larger downstream of this point than at the center of the

dune.

An internal boundary layer develops downstream of the reattachment region un-

der zero-pressure gradient, for a distance of 35.5H in Case 5; the velocity profiles

approach the logarithmic law-of-the wall from below and present a small range of log-

arithmic behavior. The recovery process of the internal boundary layer slows down

after approximately 14.5H, and then the flow decelerates as it approaches the stoss of

the downstream dune. The development of the internal boundary layer has the same

features in all cases, but the length of the zero-pressure gradient region decreases to

1.8H for Case 1; the internal boundary layer is at the beginning of its development at

this distance and the mixing of the overlying wake layer with the boundary layer is

still significant. At the toe, the streamwise normal Reynolds stress, likely responsible

for sustained sediment transport of the retarded flow, decreases at small interdune

spacings.
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Over the stoss side of the dune, the skin friction increases towards the crest, and

also increases slightly at smaller interdune spacing. The acceleration of the flow on

the stoss side decreases the Reynolds stresses as the flow rises up the dune, but the

spanwise and wall-normal Reynolds stresses are significantly higher along the stoss

side for Cases 1 and 2 (with small interdune spacing) due to the sheltering effect of

the overlying wake region advected from the upstream dune. The largest interdune

spacing (2.38λ, where λ is the length of the barchan model) presents characteristics

similar to those of an isolated dune in the experiment, indicating that at this distance

the sheltering effect of the upstream dune is very weak although the mean velocity

is not logarithmic yet. Turbulent kinetic energy budgets show the significance of the

production and dissipation of turbulence in the separated-shear layer and in the at-

tached shear layer on the bed; over the stoss side, pressure transports energy from the

overlying wake layer towards the bed, and contributes more to the energy transport

at smaller interdune spacings.

The interdune spacing significantly alters the turbulent flow over the stoss side of

the downstream dunes; coherent high- and low-speed streaks are shorter but stronger,

and the spanwise normal Reynolds stress is larger at smaller interdune spacing, where

spanwise-oriented structures are observed near the bed; they carry the signatures of

the separated vortices at the crest of the upstream dune. To the sides of the barchans,

typical wall turbulence structures are observed, but coherent eddies generated in the

separated-shear layer due to Kelvin-Helmholtz instability are dominant. Coherent

structures are generated more frequently with smaller interdune spacings; they are

advected further from the bed and remain between the horns, while at larger inter-

dune spacing the structures are advected in the spanwise direction with the mean
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streamwise vortices and reach the outside of the dunes.

These results show the complexities introduced to the flow field by dune three-

dimensionality and the significant influence of dune spacing at close bedform separa-

tions. They also illustrate that models of flow proposed for isolated bedforms require

modification where the flow fields of dunes interact, and that these interactions will

modify the intensity and structure of turbulence generated that will then influence

the stoss side of the downstream dune. This modulation of dune flow fields will likely

be significant in influencing sediment transport and the nature of dune migration [43],

and suggests that future work should examine these interactions more fully and in

cases where the bed is fully mobile.



Chapter 6

Discussions and Future Work

In the previous chapters, a detailed discussion of the simulations was carried out.

Here, we summarize the most important findings. This will be followed by ideas for

possible extensions to connect the outcomes of this thesis to the real environmental

concerns.

The current large-eddy simulations showed the capability of numerical analysis

to predict characteristics of the flow over complicated bed shapes. Although the

Reynolds number in our simulation is at least one order of magnitude smaller than

ones in the natural river and atmospheric flows, excellent validation against the ex-

periments and the ongoing improvement of computational resources motivate us to

continue our efforts to simulate more complex flows. Three-dimensional realization

of instantaneous flow can be obtained at low costs only in simulations rather than in

experiments.

In the first step, the features of the mean flow were found to match the ones

in literature. The characteristics of the coherent structures were studied; the level

of detail obtained from the simulation allowed us to discriminate between various

200
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conjectures proposed to explain the generation and evolution of large-scale structures

in the flow and their interaction with the free surface, which causes strong boil events.

The importance of these events was observed in rivers; vortices have sizes in the order

of the channel depth and contribute significantly to the transport of momentum,

energy and sediment. We examined flow visualizations and obtained features of those

large vortices, then quantified their shedding and obtained their path towards the

free surface, and eventually statistics of strong boils were provided.

More realistic bed shapes, with three-dimensional crestlines, showed significant de-

viation of the turbulent flow characteristics from the 2D bedforms. Most of the dunes

in rivers have crestline wavelengths larger than the flow depth and the crestlines are

often staggered. We considered a wide range of crestline wavelengths and alignments,

that included the more realistic cases, as well as other cases that, while not occurring

in real life, still provide useful information on the effects of three-dimensionality on the

flow. ‘Secondary flows are induced across the channel that alter the bed shear stress,

the form drag, and the turbulent kinetic energy. We obtained a relation between the

bed stress and the geometrical parameters of the bed.

Roll up of the separated shear-layer may result into large scale rollers in the flow

over transverse dunes; while in two-dimensional bedforms they appear at random

spanwise location, in three-dimensional dunes rollers are often generated over the

lobe (most downstream point on the crestline). Three-dimensional instabilities de-

form rollers into horshoe-like vortices which are advected downstream and sometimes

toward the free surface. Upwash over the lobe of 3D dunes increase the probability

of this phenomenon in comparison with the 2D dunes and cause stronger mixing of

the flow in the channel. The alignment of the crestline affects the dynamics of these
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events by altering stability of generation and/or development of large-scale eddies.

Barchan dunes have a crescentic shape in which the flow separates intermittently

on the horns and most of the large-scale rollers are generated in the middle of them;

the induced secondary flow influences their distribution downstream of the dune, the

interdune spacing affects significantly the momentum transport and especially wall

turbulence. The sheltering effect of the upstream dune may change the sediment

transport over the downstream dune as well as the dynamics of the dune field.

Accurate prediction of wall turbulence provides insights into the near-wall events,

which are crucial in sediment transport. Simple sediment transport models, using

the mean bed shear stress, are not applicable in flows with separation. We illustrated

that even in the internal boundary layers, the footprint of overlying Görtler vortices,

observed in transverse dunes, affects the behaviour of the high- and low-speed streaks.

Acceleration and deceleration of the flow also affect the wall turbulence. In general,

it is rare to have a logarithmic behaviour of the velocity profile in vicinity of dunes;

hence the traditional calculation of bed shear stress assuming this behaviour is not

accurate. Current simulations and future computations are effective in providing

more detail on the dynamics of the near bed events and identify the mechanisms that

need to be included in lower-level models.

Two important areas in which progress is necessary to transition these simulation

into real-world applications is the extension to higher Reynolds numbers, such as the

ones encountered in the field, and the development of accurate sediment transport

models. The first issue requires the development of accurate wall-layer models or

hybrid RANS-LES methods, that can predict the wall stress reliably even when the

grid is insufficient to represent the near-wall eddies accurately. This is an ongoing
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research area, whose importance extends beyond environmental fluid dynamics, into

other areas of engineering and natural sciences (aero- and hydro-dynamics, oceanog-

raphy etc.) and mixed results have been obtained so far. The second is a topic that

has received much attention in environmental problems. Two issues are particularly

important: first, whether to use an Eulerian or a Lagrangian approach; the second is

the accuracy of particle liftup models.

In many engineering disciplines, particle tracking is usually carried out in a La-

grangian framework, which is very effective in the low volume fraction problems often

encountered in combustion, for instance. In the present range of applications, how-

ever, the volume fraction of the sediment may be significant; moreover the density

ratio is not very large; Eulerian methods may prove themselves more suitable; sim-

ulations of the flow over rippled beds using an Eulerian method have, for instance,

been successful [34, 157]. A crucial ingredient is, however, the particle liftup model.

Many exist in the literature [52, 56, 140], but most are based on time-averaged con-

siderations. The accuracy of these techniques in predicting the instantaneous forces

on the particles, when a range of sizes is present, must be evaluated before progress

can be made in this area.

In real life, bed deformation, fluid flow, and sediment transport are interacting

simultaneously; as the flow develops and interact with the bed, sand is transported,

causing deformation and at the same time affecting the flow. We need to enhance our

capability to predict the sediment transport rate and then model the bed deformation.

The present work is only a first step in this direction.
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Results from simultaneous multibeam echo sounding and acoustic doppler cur-

rent profiling. J. Geophys. Res., 110(F04S03), 2005.

[115] D. R. Parsons, I. J. Walker, and G. F. S. Wiggs. Numerical modelling of

flow structures over idealized transverse aeolian dunes of varying geometry.

Geomorphology, 59:149–164, 2004.

[116] D. R. Parsons, G. F. S. Wiggs, I. J. Walker, R. I. Ferguson, and B. G. Garvey.

Numerical modelling of airflow over an idealised transverse dune. Env. Mod.

Soft., 19:153–162, 2004.

[117] C. Polatel, M. Muste, V. C. Patel, and T. Stoesser. Free-surface response to

large-scale bed roughness. In The 7th Int. Conf. on Hydroscience and Engineer-

ing, pages 1–11. Drexel University, College of Engineering, 2006.

[118] S. Radhakrishnan, U. Piomelli, and A. Keating. Wall-modeled large-eddy sim-

ulations of flows with curvature and mild separation. ASME J. Fluids Eng.,

130(101203), 2008.



BIBLIOGRAPHY 218

[119] S. Radhakrishnan, U. Piomelli, A. Keating, and A. Silva Lopes. Reynolds-

averaged and large-eddy simulations of turbulent non-equilibrium flows. J.

Turbul., 7(63):1–30, 2006.

[120] C. M. Rhie and W. L. Chow. Numerical study of the turbulent flow past an

airfoil with trailing edge separation. AIAA J., 21:1525–1532, 1983.

[121] A. Robert and W. Uhlman. An experimental study on the ripple dune transi-

tion. Earth Surf. Processes Landforms, 26:615–629, 2001.

[122] S. K. Robinson. Coherent motions in the turbulent boundary layer. Annu. Rev.

Fluid Mech., 23(1):601–639, 1991.

[123] J. E. Roden. The Sedimentology and Dynamics of Mega-Dunes, Jamuna River,

Bangladesh. PhD thesis, Univ. Leeds, Leeds, U.K., 1998.

[124] K. M. Rood and E. J. Hickin. Suspended-sediment concentration and calibre in

relation to surface-flow structure in squamish river estuary, southwestern british

columbia. Can. J. Earth. Sci., 26:2172–2176, 1989.

[125] R. J. Schindler and A. Robert. Flow and turbulence structure across the rip-

pledune transition: an experiment under mobile bed conditions. Sedimentology,

52:627–649, 2005.

[126] H. Schlichting. Boundary-Layer Theory. Pergamon Press, New York, 1955.

[127] M. W. Schmeeckle, Y. Shimizu, H. Baba, and S. Ikezaki. Numerical and exper-

imental investigation of turbulence over dunes in open-channel flow. Monthly

Rep. Civ. Eng. Res. Inst., 551:2–15, 1999.



BIBLIOGRAPHY 219

[128] M. W. Schmeeckle, Y. Shimizu, K Hoshi, H. Baba, and S. Ikezaki. Turbu-

lent structures and suspended sediment over two-dimensional dunes. In River,

Coastal and Estuarine Morphodynamics, Proc. Intnl. Assn. Hydr. Res. Symp.,

pages 261–270. Springer, NY, 1999.

[129] G. Seminara. Fluvial sedimentary patterns. Annu. Rev. Fluid Mech., 42:43–66,

2010.

[130] D. Shugar, R. A. Kostaschuk, J. L. Best, D. R. Parsons, S. N. Lane, O. Orfeo,

and R. J. Hardy. On the relationship between flow and suspended sediment

transport over the crest of a sand dune, rio parana, argentina. Sed., 57:252–

272, 2010.

[131] A. Silva Lopes and J. M. L. M. Palma. Simulations of isotropic turbulence using

a non-orthogonal grid system. J. Comput. Phys., 175(2):713–738, 2002.

[132] A. Silva Lopes, U. Piomelli, and J. M. L. M. Palma. Large-eddy simulation of

the flow in an S-duct. J. Turbul., 7(11):1–24, 2006.

[133] A. Silveira Neto, D. Grand, O. Métais, and M. Lesieur. A numerical investiga-

tion of the coherent vortices in turbulence behind a backward-facing step. J.

Fluid Mech., 256:1–25, 1993.

[134] L. Sirovich and S. Karlsson. Turbulent drag reduction by passive mechanisms.

Nature, 388:753–755, 1997.

[135] P. R. Spalart and J. H. Watmuff. Experimental and numerical study of a

turbulent boundary layer with pressure gradients. J. Fluid Mech., 249:337–371,

1993.



BIBLIOGRAPHY 220

[136] P.R. Spalart. Numerical study of sink-flow boundary layers. J. Fluid Mech.,

172:307–328, 1986.
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