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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 streamwise
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 statistics of the flow
are discussed in ten cases with in-phase and staggered crestlines, 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 lowmomentum 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 counterrotating 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 increased
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 corresponding twodimensional dunes. 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.

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.
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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 (van Rijn 1984). 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 (Yalin 1964). Dunes have asymmetric shapes in the streamwise direction with a sharp downward slope called “lee side” and a gentle upward slope called
“stoss side” (Kostaschuk 2000).
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 (Venditti et al. 2005). At high velocities and Reynolds numbers, on the other hand,
dunes have highly sinusoidal or irregular crestlines (Ashley 1990). 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 trigger
modifications in the bedforms that eventually result in 3D dunes (Allen 1968). 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 (Baas et al. 1993; Baas 1994, 1999).
The transition from one bedform to another may be caused by an increase of a few
cm/s in the flow velocity (Venditti et al. 2005), but usually occurs gradually, like the
transition of ripples to dunes (Bennett & Best 1996; Robert & Uhlman 2001; Schindler
& Robert 2005). 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 (Venditti et al. 2005). 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 (Venditti et al. 2005), and may be due to the runtimes 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 (Baas et al. 1993;
Baas 1994, 1999). 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 (Venditti et al. 2005). 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 (Babakaiff & Hickin 1996).
Although flow over dunes has been extensively studied in field experiments (Matthes
1947; Jackson 1976; Flemming 1978; Gabel 1993; Kostaschuk & Church 1993; Bennett
& Best 1995; Babakaiff & Hickin 1996; Kostaschuk & Villard 1996; Roden 1998; Carling
et al. 2000; Kostaschuk 2000; Best et al. 2001), fixed 2D dunes have been the focus of the
studies in laboratory experiments (Müller & Gyr 1986; Nelson et al. 1993; Kadota & Nezu
1999; Schmeeckle et al. 1999; Venditti & Bennett 2000; Hyun et al. 2003; Balachandar
et al. 2007; Balachandar & Patel 2008), numerical simulations (Yoon & Patel 1996;
Schmeeckle et al. 1999; Yue et al. 2005; Polatel et al. 2006; Yue et al. 2006; Stoesser et al.
2008; Grigoriadis et al. 2009; Omidyeganeh & Piomelli 2011), as well as theoretical studies
(McLean & Smith 1986; Nelson & Smith 1989; McLean et al. 1999). A comprehensive
review of literature on dunes is given by Best (2005). The flow separates at the dune crest,
generates a shear layer that plays a crucial role in the transport of momentum and energy,
and the generation of coherent structures (Omidyeganeh & Piomelli 2011). An internal
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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
(Venditti & Bauer 2005).
Although 3D dunes exist almost everywhere in rivers, the effects of their geometry on
flow dynamics are still unknown. As stated by Best (2005), 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 (1968), 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 & Street (2001) 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. (2003a,b) examined the flow over straight-troughed dunes with 180o
out-of-phase sinusoidal cross-stream variation in dune height. By maintaining 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 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. (2003a,b) 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 highlow 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 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. (2003a,b) 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 skinfriction estimation from the near-bed mean velocity and Reynolds shear stress was not
accurate. 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
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Figure 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.

of Parsons et al. (2005) 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. (2005) 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 (2007) 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. (2003a,b) 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; this placed saddles at the most upstream spanwise locations of the crestline, and lobes
at the most downstream position. In the experiments of Venditti (2007), 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 (Venditti et al. 2005), 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.
(2003b), 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
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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. (2003a,b).
The importance of 3D dunes in controlling the flow resistance, sediment transport,
and turbulence production demands a closer study of the flow mechanics. Experiments
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 (Omidyeganeh & Piomelli 2011) as well as to recent measurements of flows
over 3D dunes (Maddux et al. 2003a,b; Venditti 2007). In addition to the total boundary
shear stress, its subcomponents must 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).
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.

2. 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 (Leonard 1974). The nondimensionalized continuity and Navier-Stokes equations for the resolved velocity field are
∂ui
=0
∂xi
∂ui
∂ui uj
∂P
∂τij
1 ∂ 2 ui
+
=−
−
+
∂t
∂xj
∂xi
∂xj
Reb ∂xj ∂xj

(2.1)
(2.2)

where Reb = Ub Hb /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 = ui uj − ui uj
are the subgrid stresses, which were modeled using an eddy-viscosity assumption
τij − δij τkk /3 = −2νT S ij = −2C∆2|S|S ij .
1/3

Here, ∆ = 2 (∆x∆y∆z)

(2.3)

is the filter size, S ij = (∂ui /∂xj + ∂uj /∂xi ) /2 is the resolved
1/2
strain-rate tensor and |S| = 2S ij S ij
is its magnitude. The coefficient C is determined
using the dynamic model (Germano et al. 1991) with the Lagrangian averaging technique
proposed by Meneveau et al. (1996), and extended to non-Cartesian geometries by Jordan
(1999) and Armenio & Piomelli (2000).
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 & Chow (1983) 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
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Figure 2. Contours of mean pressure, P /Ub2 , on the top surface of Case 2 (left) and case 5
(right) defined in Table 1.

procedure (Kim & Moin 1985) 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 using the Message-Passing Interface
and the domain-decomposition technique, and has been extensively tested for turbulent
flows (Silva Lopes & Palma 2002; Silva Lopes et al. 2006; Radhakrishnan et al. 2006,
2008; Omidyeganeh & Piomelli 2011).
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. (2007). 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 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 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 (McLean et al. 1994; Kadota & Nezu 1999; Maddux et al. 2003b,a) and
simulations (Yue et al. 2006; Stoesser et al. 2008) of 2D and 3D dunes, and it was shown
(Maddux et al. 2003b) that the free surface response to the 3D dune bed is 2D. The
pressure distribution on the top surface calculated in the current simulations (Figure 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 /∂z 2 ; 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 ×
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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 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.

(2.4)

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 Poisson 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. (2005) 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 characteristics are studied.
Table 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 Maddux et al. (2003a,b)
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 (Omidyeganeh & Piomelli 2011), 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 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 (Omidyeganeh & Piomelli 2011), which has been validated extensively
against experiment and simulation (Stoesser et al. 2008). In that paper, we examined
average velocities and Reynolds stresses along six vertical lines in the channel with those
in previous simulation and experiment, and excellent agreement was obtained. Contours
of turbulence statistics on the xy-planes also showed remarkable agreement with previous
work (Stoesser et al. 2008; Grigoriadis et al. 2009). Furthermore, a grid refinement study
was performed for Cases 2 and 5, in which 384 × 128 × 384 grid points were used; firstand 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 direction. To
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+
+
Case No. λ/h A/h NDS ∆s+
avg ∆navg ∆zavg

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 1. Properties of the test cases. For the definition of the variables λ and A refer to the
caption of Figure 1. Case 10 has two dunes in series in the streamwise direction with 180o phase
shift in the cosine function of the crestline.

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. Results
3.1. Mean-flow characteristics
Figure 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 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 (Kostaschuk &
Church 1993; Nelson et al. 1993; Nezu & Nakagawa 1993; McLean et al. 1994; Bennett &
Best 1995; Schmeeckle et al. 1999; Venditti & Bauer 2005; Stoesser et al. 2008; Grigoriadis
et al. 2009; Omidyeganeh & Piomelli 2011), but the behaviour at the lobe is different.
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(a)) is formed
at the beginning of the stoss side on the lobe plane. This phenomenon is caused by the
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Figure 3. Case 5. (a) Mean-flow streamlines and mean streamwise-velocity contours, U/Ub ,
on three xy−planes. (b) Secondary-flow streamlines and mean streamwise vorticity contours,
Ωx h/Ub , on four yz−planes.

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 4 shows the streamlines tangent to a plane near the bed, which are consistent
with the observations of Allen (1968), who used plaster for flow visualization (see Figure
12.8 in Allen (1968)). 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(a), and points Ss in Figure 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 &
Yates (1991), in which a saddle point of separation (Ss1 in Figure 4) at the upstream
point on the line and a nodal point of separation (Ns in Figure 4) at the downstream
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Figure 4. Mean-flow streamlines and mean pressure contours, P /Ub2 , 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 (Chapman
& Yates 1991)

point appear. This type of separation induces a nodal point of attachment (Na in Figure
4) downstream of Ss1 in the symmetry plane (the saddle plane) and a saddle point of
separation (Ss2 in Figure 4) downstream of Ns in the symmetry plane (the lobe plane). We
will show that the Ss2 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 secondary
flow shown in Figure 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 Venditti (2007)) is qualitatively the same as the current results. 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 (Zedler & Street 2001) 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 (Nezu & Nakagawa 1993)
in open channels, in experiments (Venditti 2007), and in the present study for Cases 1
through 8. Cases 9 (very short wavelength) and 10 (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 (Omidyeganeh & Piomelli 2011) in Figure 5. The profiles are extracted
at equal distances 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
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Figure 5. Dune geometry (a), and profiles of the mean streamwise (b) and vertical (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.
2D dune;
lobe plane;
saddle plane. Symbols represent the
Case 5.
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 aide the discussion.

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 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 6. The velocity and the length are normalized with the viscosity and
the local friction velocity, uτ,x = (τw,x /ρ)1/2 , where
τw,x =

1 ∂hU i
,
Re ∂n

(3.1)
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Figure 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.

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 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.
(1997) in the simulation of turbulent flow over a backward-facing step, and by Spalart
& Watmuff (1993) 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 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 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 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 8(a). In Case 9
(Figure 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 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.
As Figure 9(b) illustrates, the streamwise velocity does not vary much in the spanwise
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 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 (Omidyeganeh & Piomelli 2011), as
fluid moves downward in the first half of the channel and upward in the second half.
Nezu & Nakagawa (1993) pointed out that large secondary currents similar to those
observed in Cases 1-8 (Figure 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
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Figure 7. Contours of the streamwise component of the wall stress, τw,x /ρUb2 . 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).

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, near the bed, due to the significant waviness of the bed in
the spanwise direction, spanwise pressure gradient becomes significant and drives highmomentum fluid toward the lobe (Figure 10), causes a local high pressure zone at the
lobe and low wall-shear stress stripes along the saddle plane in Figure 7(d).
In Case 10, because of the staggered lobes and saddles, the flow develops quite differently (Figures 8(c) and 9(c)). First, as was also observed experimentally (Figure 6
in Maddux et al. (2003a,b)), the flow is faster over the node plane (Figure 9(c)). The
near-bed streamlines shown in Figure 11 are qualitatively different than in Cases 1-8
(Figure 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 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 8(a)). The vorticity contours decay as they travel over the saddle plane of the following dune. They can
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Figure 8. Contours of mean streamwise vorticity, Ωx h/Ub . (a) Case 1; (b) Case 9; (c) Case 10.

still be observed in the vertical plane at x/h = 7 in Figure 8(c), and in the wall-stress
contours in Figure 7(e).
In Figure 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 for Case 10. The
acceleration parameter
ν dU∞
K= 2
,
(3.2)
U∞ dx
is negative in the the adverse-pressure gradient region over the lee side of the dune
where the flow expands (Figures 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 12(c) is highest in Case 10 where the secondary recirculation disappears. The
flow over the saddle plane in Case 10 (Figure 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 geometry.
For cases in which the dune crest is not highly 3D (typically, for N DS = 1.01 − 1.05),
the reattachment line follows the shape of the dune crest (Figure 7(a) and (b)). As
the three-dimensionality becomes more pronounced, the reattachment line becomes a
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Figure 9. Contours of mean streamwise velocity, U/Ub . (a) Case 1; (b) Case 9; (c) Case 10.

Figure 10. Mean-flow streamlines tangential to the cross plane at x/h = 7 and mean
streamwise vorticity contours, Ωx h/Ub , for Case 9.

Figure 11. Mean-flow streamlines and mean pressure contours, P /Ub2 , on a plane near the
bed (y + ≈ 3) for Case 10.
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Figure 12. Acceleration parameter (Equation 3.2) 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.

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 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). The case 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 12(a) and (b)), which forces the reattachment of
the flow. The bulging effect disappears over the lobe plane. As discussed, the secondary
flow patterns differ in the last two cases, and the lack of secondary flow is the primary
cause for the different recirculation regions. The bedform three-dimensionality tends to
decrease the reattachment length (Figure 14), mostly through the secondary flow. The
effect of the crestline wavelength on the average reattachment length is not significant.
3.2. Channel resistance
Contours of the streamwise component of the wall-shear stress in Cases 1–8 (Figure 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
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
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Figure 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. (a) Cases 1, 2, 3, 10 (λ = 16h) and 9
(λ = 4h) ; (b) Cases 4 through 8 (λ = 8h); (c) Cases 2, 4 and 10 (NDS=1.04, λ = 16h, 8h and
16h with staggered dunes; (d) Cases 3 and 5 (NDS=1.14, λ = 16h and 8h); (e) Cases 8 and 9
(NDS=1.46, λ = 8h and 4h).

Figure 14. Average reattachment length. , 2D case (Omidyeganeh & Piomelli 2011); , Case
1; 4, Case 2; 5, Case 3; B, Case 4; C, Case 5; ♦, Case 6; , Case 7; +, Case 8; ×, Case 9; >,
Case 10.
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Figure 15. (a) Average streamwise skin-friction coefficient. (b) Mean-vertical velocity component at (x−xs )/h = 2.5 near the separated streamlines over the saddle. , 2D case (Omidyeganeh
& Piomelli 2011); , Case 1; 4, Case 2; 5, Case 3; B, Case 4; C, Case 5; ♦, Case 6; , Case
7; +, Case 8; ×, Case 9; >, Case 10; solid line without symbol is for 2D case.

observation by Maddux et al. (2003a,b) 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 transport
rate along the width of the channel; as indicated by Kostaschuk & Villard (1996), 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 deformations.
From the distribution of the wall-shear stress, the average skin-friction coefficient in
the streamwise direction (Figure 15(a)) can be computed:
Z
τw,x ds
bed
,
(3.3)
Cf,x =
L × W × 12 ρUb2
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
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 15(b)), which increases the skin friction.
Sirovich & Karlsson (1997) 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 component of the
wall stress is to contribute to the decay of large (especially streamwise) 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 16(a). The spanwise skinfriction coefficient is at most 10% of the streamwise counterpart, and increases with
amplitude A, like the streamwise skin-friction coefficient. The maximum spanwise wallshear 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 (Case 10), the flow is
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Figure 16. Average spanwise (a) skin-friction and (b) form-drag coefficients. , 2D
case (Omidyeganeh & Piomelli 2011); , Case 1; 4, Case 2; 5, Case 3; B, Case 4; C, Case
5; ♦, Case 6; , Case 7; +, Case 8; ×, Case 9; >, Case 10.

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
(Cases 2 and 5).
The form drag is computed by integrating the pressure force on the bed and is 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 (Omidyeganeh & Piomelli 2011).
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 formdrag 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 16(b), depends strongly on the curvature of the crestline, and increases with
curvature, to approach the streamwise form drag in Cases 8 and 9. Except for Case 10,
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 Case 10, 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 16), while the streamwise
counterpart is 8.1 × 10−3 (Figure 15).
Form drag contributes more than 70% to the channel resistance (Figure 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,
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Figure 17. Average drag contribution into the channel resistance (form drag/total resistance).
, 2D case (Omidyeganeh & Piomelli 2011); , Case 1; 4, Case 2; 5, Case 3; B, Case 4; C,
Case 5; ♦, Case 6; , Case 7; +, Case 8; ×, Case 9; >, Case 10.

up to a value of 86% for Case 9. Case 10 shows 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 15(a) and 16.
3.3. 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 18 shows contours of the turbulent kinetic energy (TKE), q 2 /2,
where q 2 = hu0i u0i i is the trace of the Reynolds stress tensor, a prime represents the
fluctuating part of the resolved velocity field, and h·i 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 18(a,b)). Compared
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 fluid advected
from the near-wall flow. The height of the separated-shear layer varies in the spanwise
direction (Figure 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 streamwise
vorticity, are shown in Figures 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 generated 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 turbulence. 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 with time-averaged statistics
shown in Figure 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
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Figure 18. Contours of mean-turbulent kinetic energy q 2 /2 = hu0i u0i i/2Ub2 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.

the lobe planes, although the near-bed structures are significantly more numerous there
than close to the reattachment region. 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 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
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Figure 19. Profiles of Reynolds stresses normalized by u2τ,x for Case 5. (a) hu0 u0 i; (b) hv 0 v 0 i; (v)
hw0 w0 i; (d) hu0 v 0 i. The position of the profiles is the same as in Figure 5; xs = A sin(2πz/λ) is the
2D dune;
lobe
crestline position; each profile is shifted to the right for clarity.
saddle plane.
plane;

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
channel 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
article.
The lack of secondary flow in Case 9 results in a uniform spanwise distribution of TKE,
Figure 18(d), although the TKE is higher than in the 2D case (Omidyeganeh & Piomelli
2011). 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 in
Case 10 (Figure 18(f )) and upward in Case 5 (Figure 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 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
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 19. The secondary shear stresses, hu0 w0 i and hv 0 w0 i, 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
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Figure 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

side of 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 (Kostaschuk & Church 1993; Best et al. 2001;
Nelson et al. 1993; Kadota & Nezu 1999; Bennett & Best 1995; Venditti & Bennett
2000; Balachandar et al. 2007), which results in a near-wall peak of the normal stresses
in Figure 19(a,c). The internal boundary layer has higher streamwise stressess in the
saddle plane, since the local Reynolds number is higher; however, the spanwise stresses
(Figure 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 (Maddux et al. 2003a,b; Venditti 2007),
are qualitatively consistent with the current observations.
Because of the three dimensionality of the flow, the secondary stresses hu0 w0 i and hv 0 w0 i
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,
hu0 v 0 i∂U/∂y and hu0 u0 i∂U/∂x, they are not discussed here.
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Figure 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 hu0 v 0 i, 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 (Omidyeganeh & Piomelli 2011);
C, Case 5; ×, Case 9; >, Case 10.

Figure 22. Acceleration parameter defined in 3.2, (a) over the lobe and (b) saddle planes. Solid
line without symbol is for 2D case (Omidyeganeh & Piomelli 2011); C, Case 5; ×, Case 9; >,
Case 10. The vertical solid line represents the position of the profiles in Figure 21.

Profiles of the Reynolds stresses for Cases 5, 9 and 10 are compared over the lobe
and the saddle planes at (x − xs )/h = 2 with the 2D dune simulation (Omidyeganeh &
Piomelli 2011) in Figure 21. The profiles are again normalized by the streamwise friction
velocity. In the separated shear-layer the normal stresses and the shear stress hu0 v 0 i
have larger peaks in Cases 5 and 9 than in the 2D case, while Case 10 has an almost
identical peak (Figure 21(a,c,e,g)). This behaviour is due to a larger negative value of the
acceleration parameter in Cases 5 and 9 (Figure 22(a)), which enhances the instability of
the separated shear-layer and increases the stresses. Case 9, with higher crest curvature
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 22(b)).
The peak above the separated shear-layer, y/h ' 2.5, which is due to the shear layer
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generated by the upstream dune, is significantly damped in Cases 5 and 10 over the lobe
plane (Figure 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 flow.

4. 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 (2007) 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. (2003b) 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.
Near the bed, secondary flow is induced by the spanwise pressure gradient directed
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 reattachment is due to
the spanwise motion and not to the separated streamlines reaching the wall. The nearbed streamlines resemble those of Allen (1968), and the bulging effect is explained by
the saddle point of separation caused by the 3D separation at the sinusoidal crestlines
(Chapman & Yates 1991). 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
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in the node plane, results in increased friction, compared 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 turbulent
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 after the reattachment on the
stoss side is higher hu0 u0 i in the saddle plane due to a higher local Reynolds number,
while hw0 w0 i 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 vortices 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 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.
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