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Abstract

We have performed large-eddy simulations of tunbufeow over barchan dunes in a channel with 5ediiffg in-
terdune spacings in the downstream direction ataratd Reynolds numbeRe,=25,160 (based on the free stream
velocity and channel height). Simulations are \&tkdl against experimental data Re&,=59,000); the largest in-
terdune spacing (2.38where’ is the length of the barchan model) presents aimaiharacteristics as the isolated
dune in the experiment, indicating that at thigatise the sheltering effect of the upstream duwerig weak. We
provide 3D realizations of the mean and instantagdimw that allows us to explain some featurethefflow rel-
evant to sediment transport. Barchan dunes indwoecbunter-rotating streamwise vortices, along eaicthe
horns, which direct high-momentum fluid toward temterline symmetry plane and low-momentum fluidrrtbe
bed away from the centerline. Distribution of thedlshear stress, characteristics of the separatidrreattach-
ment regions, and instantaneous wall turbulenceliareissed. The interdune spacing significantlgralthe turbu-
lent flow over the stoss side of the dunes. Theadteristics of the separated-shear layer arecdltguantitatively;
the separation bubble is smaller, the separateardager is stronger, and the bed shear stressdsil at smaller
interdune spacings.

1. INTRODUCTION 1985; Lancasteet al. 1996; Wiggset al. 1996;
McKenna et al. 2000; and Palmeet al. 2011).

The interaction of turbulent flow fields with a mo- Theoretical efforts have also usually considered
bile sand bed, when the flow is unidirectional andransverse dunes (Lancaster 1985; Fratkal.
sand supply is limited, results in the formation 0f1996; Lancasteet al. 1996; Wiggset al. 1996;
barchan dunes in aeolian and fluvial environmentsvicKennaet al. 2000) and assumed the law-of-the-
Barchans have a crescentic topography with horngall to be valid, although velocity profiles ofteio
elongated in the downstream direction (Kedyal.  not obey the logarithmic law of the wall over bar-
2005), and are extensively observed in deserts athan dunes (Frangt al. 1996; Wiggset al. 1996;
Earth (Bagnold 1941; Lancaster 1995) and omicKennaet al. 2000). Although transverse dunes
Mars (Breedet al. 1979), but only rarely in rivers share some mean-flow features with barchan
and oceans (McCulloght al. 1964; Allen 1968). dunes, such as the separation of the flow at the
The linear relationship between the width of thecrest, the separated-shear layer over the lee side
dune, its height and length and its three-and the developing internal boundary layer, the
dimensional shape are well understood (Bagnolthree-dimensional mean flow around barchans in-
1941; Hespet al. 1998). Barchans rarely exist astroduces additional complexities that affect the
isolated forms and may occur in large fieldsturbulence.
(Hersenet al. 2004) of a few hundred square kilo- A few numerical studies have been conducted of
meters in area (Lettaet al. 1969). Their signifi- flow over three-dimensional barchan dunes (Wip-
cant effects on the flow field and sediment transpermannet al. 1985; Takahastet al. 1998); they
port have attracted researchers to study fluid angenerally suffer from a low grid resolution and
morphological dynamics in environments with bar-inaccurate  models. Reynolds-averaged Navier-
chans. Stokes solvers in 2D (Parsoesal. 2004) and 3D
Most of the measurements and calculations of floyHermannet al. 2005) provide mean-flow charac-
and sediment transport have been performed on theristics (flow acceleration/deceleration, separa-
streamwise-wall-normal symmetry plane of bar-tion, reattachment, and reversal) with qualitative
chans, over the windward stoss side (Lancasteigreement with the literature, but do not provide
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information on the instantaneous flow structuredlow characteristics and turbulence coherent struc-
observed in experiments (McKenmd al. 2000; tures.

Franklinet al. 2011) and their importance; for in-

stance, elongated sand streaks observed on the PROBLEM FORMULATION

stoss side of dunes represent significant contribu-

tion of wall turbulence to sediment transportin large-eddy simulations, the velocity field igpse
(Franklinet al.2011; Charret al. 2012). arated into a resolved (large-scale) and a subgrid
The effects of interdune-spacing on dune dynamicésmall-scale) field, by a spatial filtering opeceti
have been largely ignored, despite the fact that th(Leonard 1974). The non-dimensionalized continu-
spacing affects the flow on the lee side of the upity and Navier-Stokes equations for the resolved
stream dune and the stoss side of the downstreavglocity field are

dune (Fernandez et al., 2006), and may change thelu,

mechanisms of sediment transport (Walkeral. 3 =0, 1)
2003; Baddocket al. 2007; Palmert al. 2011). ' _ _

The importance of secondary flows in the lee side?Y; | auu, _ dp I 1 Fu

. . . = +
on intermittent sediment transport over the stossg . & X Re, kX, @

side of the downstream dune was studied by WaIK/'vhereReD]:U hiv, his the channel height, ad,
er et al. (2003); high shear-stress variability at thei the free-sfrea,m velocity of an equiva’lent open
reattachment zone inhibits sediment deposition an annel flow simulation without surface roughness
can cause deformation of the stoss side of th Une).x, %, andx are the streamwise, vertical
downstream dune. At interdune spacings close t b o 3 ’

the separation-bubble size, regular deforma‘[iognd spanwise directions, also referred ta, gsand
models (McLearet al. 1986) cannot explain the 2 The velocity components in these directions are,

flow physics, even for transverse dunes (Baddocﬁizpecz\g:zig’suz agdusfgﬁéf . c\il anccil\{gnﬁpyovezn q

et al. 2007). Palmeet al. (2011) conducted a se- _ —
ries of novel experiments on the effects of inter-Zi = WY WY 4re the subgrid stresses, which
dune spacing on the features of the separategere modeled using an eddy-viscosity assumption
shear-layer, separation bubble size and approach- e Nrre

ing turbulence structures on the downstream dun&i _6’7@‘/ 3=-2v; 8, . —2CA ‘S‘Sij' 3)
stoss side over the centerline symmetry plane. Thdere, A = Z(AxAyAz) is the filter size,
sheltering effect of the upstream dune on the flow= _ [ .— — .

over the downstream dune was identified, in which=i ~ (dui [ok; +ou, /d(i)/2 is the resolved
the separated vortices are advected downstream ... o tensor a r@=(2§§)1/2is ts magni-
and transported energy to smaller scales. o AT .
However, all efforts so far lack an accurate repretude. The coefficienC is determined using the
sentation of the bed shear-stress, which providedynamic model (Germanet al. 1991) with the
insight on the sediment transport mechanisms in bagrangian averaging technique proposed by
three-dimensional view. Turbulent flow over theMeneveauet al. (1996), and extended to non-
lee side of the dune, where the flow separates &artesian geometries by Jordan (1999) and Ar-
the crest and broad ranges of length- and timgnenioet al.(2000). _ _

scales are introduced into the turbulence spectrunthe governing differential equations (1) and (2)
is poorly understood. The three-dimensional mea@e discretized on a non-staggered grid using a
flow and turbulence characteristics have yet to bgurvilinear finite-volume code. The method of
studied with reasonable resolution. The significanRhieet al. (1983) is used to avoid pressure oscilla-
contribution of the interdune spacing on the meantions. Both convective and diffusive fluxes are ap-
flow and instantaneous flow features has also to baroximated by second-order central differences. A
examined in detail. Herein, we aim to perform asecond-order-accurate semi-implicit fractional-step
series of resolved large-eddy simulations of flowProcedure (Kim & Moin 1985) is used for the tem-
over a model barchan dune (Palreeal. 2011) at Poral discretization. The Crank-Nicolson scheme is
various interdune spacings, in order to obtain 4sed for the wall-normal diffusive terms, and the

more comprehensive 3D understanding of meafdams-Bashforth scheme for all the other terms.
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Fourier transforms are used to reduce the threalistribution in the wall-normal direction is unifar
dimensional Poisson equation into a series of twodp to the highest point of the dune, and then
dimensional Helmholtz equations in wave-numbeistretched by a hyperbolic tangent function. The
space, which are solved iteratively using the Bigrid in the spanwise direction is uniform, while in
Conjugate Gradient Stabilized method. The code ithe streamwise direction a higher resolution igluse
parallelized using the Message-Passing Interfacaver the lee side of the dunes, since the bed slope
and the domain-decomposition technique, and hds significant in this zone and flow separates. For
been extensively tested for turbulent flows (Silvaall cases mentioned in Table 1, the grid distribu-
Lopeset al. 2006; Omidyeganeét al. 2011). tion is the same. We performed a grid refinement
The barchan model (Figure 1) was generated frorstudy for Case 1 with a focus on the resolution of
the model used in the experiments of Paletaal. the VOF model over the lee side of the dune as
(2011), which reflects a typical curvature of bar-well as the convergence of statistics. Three simula
chans in nature (Hersest al. 2004). The aspect tions with 64158128, 128158256, and
ratio of the current model falls in the range dfda 160281512 grid points are examined and the fin-
ratory and field measurements (Palmer al. est simulation produces grid-converged results
2011). The barchan model has a length=&.62h ~ with resolution Ax'<28.86, Ay'<0.83, and
width of W=3.62h and height oH=0.135h The AZ'<10.55, where the plus sign in the superscript
ratio of the dune height to the channel height isepresents normalization with respect to the local
equal to the ratio of the dune height to the boundbed-shear velocity, and kinematic viscosity.

ary layer thickness in the experiment (Paleteal.  First- and second-order statistics were witb
2011). The simulation adopts an immersed boundsf each other for all resolutions. Only the results
ary method based on the volume of fluid (VOF)obtained with the finest grid resolution are shown
technique (Scotti 2006) to model the barchan. Om the following results. Note that the grid spaEn
the bed, the no slip boundary condition is usedabove are comparable to those used in many Direct
Periodic boundary conditions are used in theéNumerical Simulations of the Navier-Stokes equa-
streamwise ) and spanwisez) directions. The tions.

flow is driven by a pressure gradie_nt t_hat mairﬂainTable 1. Properties of the test cases. The interdpac-
a constant streamwise flow-rate in time. The t0R,q is defined as the distance between the stresenwi

surface is assumed to be rigid and free of sheggcation of the horns of upstream dune and therepst
stress: the vertical velocity is set to zero, &the stoss side of the downstream dune.

vertical derivatives of the streamwise and spanwise .
velocity components. The Reynolds number is Case No.| Spacing N, X Ny xN,
Re,=25,160 and is less than half of the experi- 1 0.001 160281512

ments of Palmeet al. (2011;Re,=59,000). 2 0.34 192281512
3 0.68. 224281512
4 1.02 256281512
5 2.38 384281512

The equations were integrated for 8100, time
units to remove transient effects. Then, statistics
were accumulated over 128QJ., time units. To
increase the sample size, averaging was also per-
formed 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 thar3%, and the root-mean-square (rms)
A series of simulations is conducted to study théntensities by less th&afb.

effects of interdune spacing on the physics of flow

(Table 1). A Cartesian mesh is generated; the grid

Figure 1. Geometry of the barchan dune model.
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3. RESULTS ior of the velocity profiles is similar to the egat
lent experiments (Palmeret al. 2011). The

Mean streamwise velocity contours and streamstreamwise velocity profiles upstream of the
lines on the centerline symmetry plane are showdunes, in the zero-spacing cases, show a two-layer
for Case 5 in Figure 2. The flow separates at thstructure in which the wake with higher momen-
crest and reattaches on the bed#4~5.6. The tum overlies the internal boundary layer at the
reattachment length in the experiments is slightlyvall, and the two layers still interact. On theesth
smaller, which is explained by the faster flow overhand, the isolated case shows a single layer simila
the crest in the simulations caused by the induce a boundary layer profile, and also similar te th
secondary flow (Figure 4). Decreasing the inter{argest interdune-spacing (Case 5), which indicates
dune spacing decreases the reattachment length nét there is a negligible wake effect at this dis-
because of the speed of the approaching flow, bwénce 60H from the upstream crest). The two layer
due to the bedward motion upstream of the dungsrofiles have disappeared over the lee side (Figure
caused by the sheltering effect of the upstrearg(b)). The separation bubble is represented by neg-
dune. ative streamwise velocities (Figure 2 and Figure
B 3(b)) and positive vertical velocity (Figure(d)
near the bedy/H<0.7; here our simulations agree
quantitatively with the experiments (Palredral.
5 : 2011).

Figure 2. Contours of streamwise velocity normalize Upstream of the dunes (Figurécp, vertical ve-

by the free stream velocity and streamlines onctre locity _is positive for Case 5 and for the isolated
terline plane of Case 5. dune in the experiments (Palmedral. 2011) as the

flow reacts to the windward slope. However, the
upstream dune changes this feature; the approach-
ing flow moves toward the bed (negative vertical
velocities in Figure @) for Case 1 and for the ex-
periment with a zero spacing). This phenomenon
influences the flow in the lee side of the down-
stream dune; the separation bubble shrinks due to
the bedward bulk flow, and the reattachment
length decreases.
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Figure 3. Normalized streamwi¢e,b) and wall-normal

(c,d) velocity profiles at(a,c) x/H=-9.0, and (b,d) E

x/H=2.0; O Case 5, - - - Case Q isolated dune, and :
¢ zero interdune spacing in the experiment (Paleter _. . .

al. 2011). Figure 4. Contours of mean streamwise vorticitytwa

vertical planes across the channel at the cresaatite
barchans toe for Case 3. Streamlines tangentidletee

Validation of our simulations is shown in Figure 3planes show the secondary flow. Contour lines ef th
for velocity profiles at two vertical lines upstrea Mean pressure are shown on the bed surface.
of the dunex/H=-9.0 and over the lee side of

dune, x/H=2.0. The developed secondary flow The profiles of the turbulence statistics show guan
across the channel in our simulations (Figure 4jiative agreement with our simulations and with
drives high-momentum fluid into the centerline ihe experiments (Figure 5). Two peaks in the verti-
plane and causes the difference in the normalizegy| profile of the turbulent kinetic energy (Figure
bulk velocity profiles. Fluid moves faster on the5(b)) for Case 1 represent two shear layers, with
centerline plane of the simulations, but the behavihe overlying one being weaker. At the dune toe,
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there is a near-bed peak representing the develogattaches to the bed and due to the three-
ing boundary layer on the stoss side for both simudimensionality of the separation line, a nodal poin
lations, while the second peak represents the wal@ attachment is located away from the symmetry
region of the upstream dune for the zero-spacinglane (poinp2in Figure 6). The bed shear stress is
case. Over the lee side, the outer-layer pealillis stlarger downstream of this point where high-
effective (aty/H=2.5) while all cases show signifi- momentum fluid that separated at the crest reat-
cant turbulent kinetic energy in the separated+sheaaches, increases the pressure and the stress. Com-
layer. Reynolds shear stress is significant in th@ared to the streamlines around the nodal point of
separated-shear layer as compared to the develagattachment, a saddle point of separation appears
ing boundary layer. downstream of the dune on the symmetry plane
(point pl in Figure 6) where the shear stress is
® small and the near-bed flow converges to the cen-
terline plane from the sides. The separation bubble
contains a large secondary flow, and a few small

P secondary flow regions over the lee side of the

006 % o2 oo o dune, which cause weak points of separation and
. . \ attachment. These features close to the bed are of-
© @ ten observed in the separation bubble of three-

dimensional objects (Chapmaet al. 1991). All
other cases in our simulations present a similar
trend; even the bed shear stress does not change
RN o ous_ s significantly with the spacing. From a series of
streamlines from the stoss side of the dune, we
Figure 5. (a,b) Planar turbulent kinetic energy, note that the separation bubble and the reattached
g =((uu)+(vv))/2.c and(c,d) Reynolds shear stress at flow converge to a single streamline along the horn
(a,c)x/H=-9.0, and(b,d)x/H=2.0; 0 Case 5, - - - Case and leave the dune from that side, consistent with
1, O isolated dune, and zero interdune spacing in 3D realizations of near-bed streamlines shown in
the experiment (Palmet al.2011). Figure 7. The observation that barchan dunes loose
7 sediment from the horns (Herseh al. 2004 and
Franklinet al. 2011), is explained by our results.

0000000808

o

Figure 7. Streamlines close to the bed for thettearc
. dune of Case 3. Streamlines are colored with thgnina

Figure 6 Contours of bed she_ar stress for _Cgse Rude of the velocity vector. Contour lines of mgaes-

Streamlines represent the flow direction at thst fyrid

point above the bed surface. sure are shown on the bed surfﬂe<5> =0

--- (p) =-0.0050U,”

The bed shear-stress is strong over the stosekide

dunes close to the crest (Figure 6). At the toe, thwWe show streamlines near the bed in Figure 7.
flow diverges from the centerline plane, and theStreamlines close to the centerline plane diverge
bed stress is decreased, but away from the centetnd rise on the stoss side, then separate ateébe cr
line and along the horns the stress is large, @s tland move toward the bed while they are advected
flow rises up the stoss side. Figure 6 shows thdownstream (labeled by number 1). Away from the
size of the separation bubble that is not extendecknterline plane, the streamlines diverge signifi-
towards the horn. The separated flow at the cresantly toward the horns and separate at the crest,

) | h
0 0.003
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but enter the separation bubble and meander in thlee dune length, the low- and high- speed streaks
recirculation region toward the horns while re-are reformed (Figure(8)). Case 1 (Figure (B))
maining near the bed (labeled by number 2)presents different characteristics; the streaks are
Streamlines far away from the centerline planeshorter and represent footprints of overlying turbu
diverge toward the horns and never separate (l&nt events. The magnitude of fluctuations at the
beled by number 3). Contours of the velocity magsame distance from the bed is larger for Case 1
nitude show that streamlines moving toward thewith smaller interdune spacing; hence this closely

horns are accelerated. spaced arrangement of dunes enhances the wall
o - : turbulence and thus sediment transport in mobile
(a) - : = bed barchans.

(a) ©°% - . .
0.04 - = \ / = -
002 | ,
| L
b T T T
(b) 0.004 - .
0.002

, n |
00005 5 0 5 10

10 -5 "}H 5 10

Figure 9.(a) Bed shear velocityb) wall-normal Rey-
nolds normal stress, arfd) spanwise normal Reynolds
stress at the centre of the stoss sitié=-5.0 across the
channel at a uniform distance from the bédCase 1,
[0 Case 2|] Case 3, Case 4,[1 Caseb.

1
15 20

Figure 8. Contours of the streamwise fluctuatinipee At x/H=-5.0, in the middle of the stoss side, the
ity on a plane parallel to the bed surface withisance mean bed-shear stress is not affected significantly

0.02H for (a) Case 5, angb) Case 1. The lines corre- by the interdune spacing (Figur‘?@? from - .
spond to the bed levels@H=0.03, 0.5 0.9 3.5<2/H<3.5), but the turbulent activities are sig-

nificantly altered;e.g, the spanwise normal Rey-

o i nolds stress (Figurg®) has a peak on the center-
A realization ofu’ on a plane parallel and close t0ine of the dune and is larger for a smaller inter-

the bed is provided in Figure 8 for Case 5, with th §,4e spacing. Around the edges of the dune sur-
largest interdune spacing, and Case 1, with g ce  atz/He+3.5, the wall-normal stress (Figure
smallest interdune spacing. The flow approachin@(b)) is boosted and is larger for closely spaced
the dune in Case 5 has characteristics of a SMoogf);nes.

open channel flow with alternating stripes of low-|nstantaneous flow structures are shown byGhe
and high- momentum fluid. It seems that acceleraériterion, where

tion of flow over the stoss side of the dune elon- 194: Ou

gates the streaks (Figurga®. Franklin et al. Q:—_ﬂﬂ

(2011) observed streamwise stripes with regular 2 0% 0X @)

spacing on the stoss side of their barchan dune. . . )
the lee side of the dune, spanwise oriented stru‘%r Cases 1 (Figure 10) and 5 (Figure 11). A popu

! gtion of coherent structures over the stoss sde i
tures are observed in between the horns. Around . . .
evident in Case 1. Away from the dunes, typical

the reattachment region, the contours show a cha-
otic distribution of structures and after that tias wall turbulence structures are observed, but coher-
. ' ent eddies generated in the separated-shear layer
flow is advected downstream, the structures ar ; . . ;
| L : ue to Kelvin-Helmholtz instability are dominant.
reorganized and within a distance of an order o . .
eparated vortices in Case 5 are advected away
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from the centerline plane by the secondary flowfluid near the bed away from the centerline. In our
(Figure 4) and dissipate before reaching the dowreonfiguration with barchans aligned in the span-
stream dune. In Case 1, the production of theseise direction, and with the periodic boundary
structures is more frequent, and they do not dieondition we use, the streamwise vortices become
verge from the centerline plane since the spacingtable.
between the dunes is small. Hence, we observehe three-dimensional flow visualization explains
more structures in Case 1 between the horns.  some features of sediment transport near the bed
y: reported in the literature; the flow decelerates at
the toe of the dune and moves toward the closest
horn, hence bed shear stress increases on the sides
of the barchan while it decreases on the centerline
plane. Separation of the flow at the horns is inter
mittent; 3D streamlines show that the flow at the
crest may enter the separation bubble and meander
Figure 10. Isosurfaces of the second invarianthef t toyvard the horns and Iea_lve the dune \(vhile accelgr-
velocity gradient tensoQH?/U,?=0.7, colored by dis- &ting. We note that flow in _the separation bubb_le i
tance from the bed for Case 1 (refer to Figureatfie  likely capable of transporting high concentrations
scales). of sediment and exiting the dune from the horns,

) which explains many observations in nature and
laboratory measurements that barchans loose sed-
iment downstream via their horns.

The interdune spacing quantitatively alters the
mean flow; the secondary flow is stronger at
smaller spacings, and the sheltering effect of the
upstream dune is observed in the turbulence char-
acteristics; coherent high- and low-speed streaks
e AR are shorter and the spanwise Reynolds normal
: KAy o0 7 24 b stress is significantly higher where the interattio

- ‘ between the wake region and the internal boundary
layer is strong.

i

Figure 11. Isosurfaces of the second invarianthef t
velocity gradient tensoQH*U,?=0.7, colored by dis-
tance from the bed for Case 5.
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