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Barchans are crescent-shaped dunes commonly found in diverse environments and scales:
from the 10-cm-long barchans found under water to the 1-km-long barchans on Mars,
passing by the 100-m-long dunes on Earth’s deserts. Although ubiquitous in nature, there
is a lack of grain-scale computations of the growth and evolution of those bedforms. In
this paper, we investigate the values of grain properties (coefficients of sliding friction,
rolling friction and restitution) necessary to carry out numerical simulations of subaqueous
barchans with CFD-DEM (computational fluid dynamics - discrete element method), and
how the values of those coefficients change the barchan dynamics. We made use of LES
(large eddy simulation) for the fluid, varied the coefficients of sliding friction, rolling fric-
tion and restitution in the DEM, and compared the outputs with experiments. We show:
(i) for the case of glass spheres, the values of coefficients for correctly obtaining the dune
morphology, timescales, trajectories of individual grains, and forces experienced by grains;
(ii) the LES meshes allowing computations of bedload while capturing the main distur-
bances of the fluid flow; (iii) how different values of coefficients affect the morphology of
barchans; and (iv) that spheres with higher coefficients of rolling friction can be used for
simulating barchans consisting of angular grains. Our results represent a significant step
for performing simulations that capture, at the same time, details of the fluid flow (large

eddies) and grains’ motion (individual particles).
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I. INTRODUCTION

Sand dunes are basically waves or heaps over a granular bed, appearing by the action of a
fluid flow. In all cases, the fluid flow must impose moderate shearing over the bed and form a
moving granular layer that keeps contact with the fixed part of the bed, instead of suspending the
grains. In the moving layer, called bedload, the grains move by rolling, sliding, small jumps, or
ballistic flights!, depending on the state and strength of the fluid flow (ballistic flights occur only
in gases, the other three happening for both gases and liquids). When the fluid flows mainly in one
direction and the amount of sediment is limited, dunes assume a crescent shape with horns pointing
downstream, known as barchan dunes!™*. Barchans are found in diverse environments and scales:
on Mars they can reach 1 km in length and take millennia to grow, on terrestrial deserts the scales
are 100 m and years, while under water they have around 10 cm and grow in approximately one
minute. Although ranging over several orders of magnitude, their morphology and dynamics are

similar, showing that the crescent shape is a strong attractor.

There is a large number of barchan fields on Earth’s deserts and on the surface of Mars, and
the available data from remote sensing is increasing considerably. However, the large timescales
of Martian and aeolian barchans hinder the assessment of their long-time evolution (in addition to
a lack of grain-scale measurements in the Martian case). In a certain way, the same applies to de-
tailed computations (at the grain scale) of barchan dunes, since computational costs are prohibitive
given the large time and length scales of those barchans. On the other hand, the morphodynam-
ics of subaqueous barchans is similar to those of their aeolian and Martian counterparts>~’ (with
differences in grain trajectories and small differences in the morphology), but with much smaller

time and length scales. Therefore, most of previous experiments>3~1°

17,18

and many of grain-scale
simulations investigating the long-time evolution of barchans were conducted for the sub-
aqueous case.

Typically, the experiments can be classified in those which investigated the morphology and

celerity of dunes (measurements at the bedform scale)>8-12

and those which inquired into the mo-
tion of individual grains'3-1%1920 (measurements at the grain scale). While the former allowed the
assessment of length and time scales, scaling laws, and celerities of barchans, the latter obtained
trajectories and instantaneous velocities of moving grains, allowing the assessment of typical paths
and velocities, local fluxes, transport rates, and mass gains/losses. Although valuable information

was obtained from experiments using water tanks, some quantities are of difficult access, such as
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the instantaneous forces acting on each grain within a barchan dune (for the moment, it has not

been measured experimentally).

As for the experiments, numerical simulations of barchans can be divided into those at the
bedform and grain scales. The first numerical works were at the bedform scale and computed the
evolution of aeolian barchans by using continuum models for the grains?'=27. In those models,
the fluid shear was computed directly by using analytical expressions for the perturbed flow?8-30,
and the grains supposed to move mainly in the longitudinal direction (with a small transverse
diffusion), being entrained by saltation (ballistic flights). Important results were obtained from
those simulations, which explained the instability mechanisms for the growth of aeolian barchans,
their scales and length ratios, and the relation between the fluid flow and barchan morphology,

for example. Khosronejad and Sotiropoulos®!-32

used a different method for simulating subaque-
ous barchans: they coupled LES (large eddy simulation) for the water (and a water-suspension
mixture) with a continuum model for the granular bed, so that they resolved the water flow at the
scale of large eddies. Their simulations captured the main morphological characteristics of bed-
forms while an initially flat bed was deformed into a barchan field. Later, using the same method,

Khosronejad et al.?

quantified the hydrodynamics mechanisms leading to the initiation and matu-
ration of barchans and their interactions. Those simulations shed light on the morphodynamics of
barchan dunes, but, because they used continuum models, did not capture the dynamics of grains.
In addition, they are valid for barchans consisting of a large number of grains. When the barchans
are small, the discrete nature of the granular material must be considered.

The first discrete computations of barchan dunes made use of simplified models such as the

cellular automaton3*33

, where parcels representing ensembles of grains follow rules for their mo-
tion. By using a cellular automaton model also for the gas, Narteau et al.>* carried out simulations
of aeolian dunes, including an initial sand pile that was deformed into a barchan dune with super-
imposed bedforms. Their results, at the bedform scale, compared well with field data. With the
same approach, Zhang et al.3> simulated the growth and migration of aeolian dunes and obtained
the mean residence time of sediments in steady-state barchans. Although their simulations were
not at the grain scale, they were able to show that there is a balance between the divergent flux of
grains (in the transverse direction) on the stoss slope and the convergent flux by avalanches on the
lee side, from which they computed the residence time of grains and proposed that many of them

remain trapped in a central slice of the barchan. Despite the increased level of detail gathered with

the cellular automaton model, simulations at the grain scale are necessary in order to completely
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reproduce the grain-grain and grain-fluid interactions (and the resulting patterns).

To the best of our knowledge, the only numerical simulations of barchan dunes at the grain
scale, and that consider the fluid flow at a similar scale, were those carried out by Alvarez and
Franklin'”!8 for subaqueous dunes. Alvarez and Franklin!’ simulated the formation of barchan
dunes by a turbulent water flow by coupling DEM (discrete element method) with LES. In the
simulations, a pile consisting of 40,000 glass spheres was deformed into a barchan dune by the
water flow, and the instantaneous flow field for the water, and positions, velocities and forces for
each grain were accessible. The use of LES allowed computations of the water flow at the grain
scale (the LES grid and the particle diameter were of the same order) at lower computational cost
than DNS (direct numerical simulation). As main results, the same morphodynamics observed in

previous experiments!>13.13

were obtained at both the barchan and grain scales, such as the typical
lengths and celerities of barchans, and typical paths and velocities of grains. Later, using the same
LES-DEM simulations, Alvarez and Franklin!® inquired into the forces experienced by each grain
within a barchan dune, showing how forces are distributed and transmitted in a barchan. They
showed that the distribution of the resultant force tends to route a significant part of grains toward
the crest and horns and, in particular, that the longitudinal component of the resultant force on a
great part of grains is of the order of 10~ N, with negative values around the crest (which results

in grain deposition on the crest). Their results revealed the process, at the grain scale, for reaching

the crescent shape of barchans.

Although ubiquitous in nature, there are few numerical computations of the growth and evo-
lution of barchans carried out at the grain scale. As a result, values of solid-solid coefficients
and size restrictions of CFD (computational fluid dynamics) meshes have not been exhaustively
investigated for this specific problem. In this paper, we investigate the values of the coefficients
of sliding friction, rolling friction and restitution necessary to carry out numerical simulations of
subaqueous barchans with CFD-DEM (computational fluid dynamics - discrete element method),
and how the values of those coefficients change the barchan dynamics. We use LES to compute the
water flow at a scale similar to that of grains, vary the coefficients of sliding friction, rolling fric-
tion and restitution in the DEM, and compare the numerical outputs with experiments conducted
under the same conditions. We show: (i) for the case of glass spheres, the values of coefficients for
correctly obtaining the dune morphology, timescales, trajectories of individual grains, and forces
experienced by grains; (ii) the LES meshes allowing computations of bedload while capturing the

main disturbances of the fluid flow; (iii) how different values of coefficients affect the morphol-
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ogy of barchans; and (iv) that spheres with higher coefficients of rolling friction can be used for
simulating barchans consisting of angular grains. Our numerical results compare well with exper-
iments, representing a significant step for performing simulations that capture, at the same time,
details of the fluid flow (large eddies) and grains’ motion (individual particles).

In the following, Secs. II and III present, respectively, the fundamental and implemented equa-
tions, Sec. IV shows the numerical setup, and Sec. V presents the results for the water and grains.

Section VI concludes the paper.

II. MATHEMATICAL FORMULATION

In CFD-DEM computations, solid particles are followed in a Lagrangian framework while the
fluid flow is computed in an Eulerian grid. The basic equations consist, therefore, of Newton’s law
of motion, for both the grains and fluid. For the grains, the linear (Eq. 1) and angular momentum

(Eq. 2) equations are computed in a Lagrangian framework,

di - - .
mp— " = Fpp+ Fetmyg, )
dé, -~ -
I =T+ Ty, 6)

where g is the acceleration of gravity and, for each grain, m,, is the mass, i, is the velocity, ﬁfp is
the resultant of fluid forces, FL is the resultant of contact forces between solids, /,, is the moment
of inertia, @, is the angular velocity, T. is the resultant of contact torques between solids, and Tf
is the resultant of torques caused by the fluid. The resultant of fluid forces on a grain is the sum of
the forces caused by fluid drag Fy, pressure gradient F},, deviatoric stress tensor Fy, virtual mass
va, Magnus effect F"Mag, Saffman effect ﬁSa rf> and Basset F"Bm-s.

The contact forces and torques are computed by Eqs. 3 and 4, respectively,

— NC — Nw —
Fe=) <Fc,ij) +Y (E-,iw) (3)
i#] i
= Nc = Nw =
Te=) Teij+ Y Tein 4)

i#j i
where F.C’i j and Ij".c’iw are the contact forces between particles i and j and between particle 7 and the

wall, respectively, T-'Qi ;j is the torque due to the tangential component of the contact force between
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particles i and j, T},,-w is the torque due to the tangential component of the contact force between
particle i and the wall, N, - 1 is the number of particles in contact with particle i, and N,, is the
number of particles in contact with the wall. More details on the forces and torques are described
in Appendix A.

For the flow of a liquid, the incompressible mass (Eq. 5) and momentum (Eq. 6) equations are

computed in an Eulerian framework,
V.ii; =0, 5)

d (pyiir)
ot

where iy is the fluid velocity, py is the fluid density, N is the number of grains and V is the

- 3 . N4
+ V- (pyiigiiy) = =VP+V-T+prg = Fpp, (©)
considered volume.

III. IMPLEMENTED EQUATIONS

We made use of the open-source code CFDEM?® (www.cfdem.com), which couples the open-
source CFD code OpenFOAM with the open-source DEM code LIGGGHTS?738, for carrying out
our LES-DEM computations. We describe briefly in the following how the fundamental equations
presented in Section II are implemented in those codes, a detailed description of contact and force
implementations being found in Appendices A and B, as well as in Goniva et al.3°.

The DEM code computes the Lagrangian motion of grains by using the linear and angular
momentum equations, Eqs. 1 and 2, respectively. In the resultant of fluid forces acting on a
particle, F rp» we neglect the Basset, Saffman and Magnus forces, since they are usually considered

of lesser importance for CFD-DEM simulations®. Therefore, our DEM simulations compute

Ffp:Fd+Fp+ﬁT+i>m7 @)

where the Archimedes force is considered in I:"}J (although called explicitly in the numerical code,
as explained next). In the angular momentum, Eq. 2, we neglect torques caused by the fluid
because those due to contacts are usually much higher*®*2. For the contact forces and torques,
Egs. 3 and 4, we consider a Hertzian model. In this model, 1:"'6,,' j and F’C’,-W (Eq. 3), are decomposed

into normal and tangential components, given by Eqgs. 8 and 9,
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dé,

Fc,n = Kn(sn — T dln P (8)
dé

Fe;= K& — Yt;, ©)

where the two terms on the RHS of Eq. 8 correspond to a repulsive force and a viscoelastic
damping, &, being the normal displacement of two solids in contact, and &, and ¥, coefficients
described in Appendix A (note that k;, ~ 5,} / 2, so that F¢.,, ~ 5,13/ 2). The two terms on the RHS of
Eq. 9 correspond to a shear force and a viscoelastic damping, & being the tangential displacement
measured in the direction perpendicular to the plane of contact, and k; and }; coefficients also

described in Appendix A. F., is computed by Eq. 9, but it is limited by the Coulomb’s Law,

Fc,t :”Fanu (10)

where 1 is the microscopic coefficient of sliding friction. Once that limit is reached, F¢; is com-
puted by Eq. 10 until the contact ends. In our simulations, we use a single value for u (we do not
differentiate between static and dynamic coefficients). More details about the contact model are
described in Appendix A.

The CFD part computes the dynamics of the fluid phase in an Eulerian framework by solving
the incompressible mass (Eq. 5) and momentum (Eq. 6) equations. Given the large number of
solid particles in the simulations, we use an unresolved approach where the incompressible flow
equations are phase-averaged (volume basis) while assuring mass conservation. In the code, they
correspond to the phase-averaged mass and momentum equations of Ser IT of Zhou et al.>, given

by Eqgs. 11 and 12, respectively.

d(a

%Jrv.(afpfﬁf):o (11
d i - R
w + V- (pyiisiiy) = =0 VP = foxen+ @V - Ty + 0pyg (12)

where oy is the volume fraction of the fluid. In the averaging process, the forces due to the pressure
gradient and deviatoric stress tensor were separated from the remaining fluid-particle forces, so
that those terms appear explicitly in Eq. 12. The remaining phase-averaged forces (per unit of
volume) that the fluid applies on solid particles, ]_C;zxch’ are given by Eq. 13 (since we neglected

Basset, Saffman and Magnus forces),
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np
Fercn = ﬁ): (Fi+ Fon) (13)
where n, is the number of particles in the considered cell, whose volume is AV. More details on
the computation of ﬁxch are available in Appendix B.
Note: since the gravitational term of Eq. 12 is absent in the PISO (pressure-implicit with

splitting of operators) algorithm and P represents the static pressure, the Archimedes force is

explicitly called by the numerical code when computing Eq. 7.

IV. NUMERICAL SETUP

The choice of an appropriate model depends mainly on how the scale of solid particles com-
pares with the one being solved for the fluid flow. In our case, the grain diameter is small enough
to fit in one computational cell, and therefore the unresolved formulation can be used. For the
CFD, we use LES with the wall-adapting local eddy-viscosity (WALE) model*? in order to cap-
ture all re-circulations and high-energy vortices. However, since the mesh size in LES must be
small enough to capture the desired scales of the flow, locating the solid particles using the posi-
tion of their centroids can lead to discontinuities and instabilities (this has been reported to happen
when Ax < 3d, where d is the grain diameter and Ax the grid size***’). Therefore, we use the di-
vided approach implemented in CFDEM, which divides each solid particle into 29 regions of same
volume*®. Each region is represented by its center point, so that different regions of a grain can
be in different mesh elements, smoothing the void fraction and the momentum-exchange term,
and allowing computations with grains whose sizes are comparable to those of mesh elements.
Besides the divided approach, we also use a diffusion equation in order to smooth even more the
void fraction, making the fluid-solid coupling more stable***”*8 (more details in Appendix C).

The fluid domain is a channel of size Ly =0.4m, L, = 6 =0.025mand L, =0.1 m, where x, y and
z are the longitudinal, vertical and spanwise directions, respectively, with periodic conditions in
the longitudinal and spanwise directions. In order to save computing time, the vertical dimension
of the domain, L, = §, corresponds to the channel half height (the upper limit in the y direction
corresponds to the channel centerline, the real channel height being 26). The fluid is water, flowing
with a cross-sectional mean velocity U = 0.28 m/s. The channel Reynolds number based on U, Re
=U28v~!, is 14,000 and that based on the shear velocity u, Re, = 1, 8v~1, is 400, where Vv is the

kinematic viscosity (10~® m2/s for water). We tested convergence by using different meshes, that
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are shown in Tab. I, where d,, dy and d; are the numbers of divisions of the domain in the x, y and
z directions, respectively, and the column yf;t corresponds to the vertical position of the center of
the first control volume (in the wall-normal direction and scaled in inner-wall units, y* = yu,./V).
To reduce computational costs while still maintaining accurate results, we used the mesh of type

1 (Tab. I) in our simulations (the convergence tests are shown in Sec. V).

TABLE I. For each mesh type, the numbers of control volumes N,, and of divisions of the domain in the
x, y and z directions (dx, dy and d_, respectively), and the vertical position of the center of the first control

volume scaled in inner-wall units, yffw.

Mesh N, d; d, d, ytr

1 472500 250 30 63 2.1
2 708750 250 45 63 1.4
3945000 250 60 63 1.0

FIG. 1. Layout of the numerical setup. ity represents the water velocity, and L, = 0.4 m, L, = 0.025 m and
L, =0.1 m are the dimensions of the computational domain in the x, y and z directions. The layout shows
the initial pile and, at a later time, the barchan dune (the initial pile is deformed into the barchan dune, as

indicated by the arrow). Multimedia view.

Before starting the CFD-DEM simulations, a water flow in the absence of particles is simulated
in the periodic channel until fully-developed turbulence is achieved. Afterward, the results are
stored and a new computation starts in which the solid spheres (grains) are allowed to fall freely
in stationary water, forming a conical heap with radius R ~ 0.013 m, height # ~ 0.003 m (values
vary depending on the friction coefficients), and centered 4 cm downstream from the channel inlet.
Finally, CFD-DEM the simulations begin by imposing the previously stored turbulent flow, which

deforms the conical pile into a barchan dune. Figure 1 (Multimedia view) shows the setup for a
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typical simulation.

TABLE II. Distribution of diameters for the grains in the initial pile, where N, is the number of grains for

each diameter d, and physical properties.

N; Diameter d (mm)|Properties
2276 0.15 Sliding Friction Coeff. u 0.1 t0 0.9
13592 0.175 Rolling Friction Coeff. y, 0.01 to 0.3
68267 0.2 Restitution Coef. e 0.1t00.9
13591 0.225 Poisson Ratio o 0.45
2274 0.25 Young’s Modulus E (MPa) 5
Density p, (kg/m®) 2500

The grains consisted of 103 glass spheres randomly distributed, with sizes following a Gaussian
distribution within 0.15 mm < d < 0.25 mm, and we varied their physical properties within large
ranges. The distribution of particle diameters, the ranges of the coefficients of sliding friction u,
rolling friction L, and restitution e, and the values of Poisson ratio ¢, Young’s modulus E and
density p, used in the simulations are shown in Tab. II. We note that we varied each property (i,
U or e) independently, keeping two of the following coefficients at 4 = 0.6, i, = 0.0 and e = 0.1,

while the third one varied within the values in Tab. II.

For the fluid, the boundary conditions were periodic flow in the longitudinal and transverse
directions, impermeability and no-slip conditions at the bottom wall, and free slip on the top
boundary (y = 6). For the grains, the boundary conditions were solid wall at the bottom boundary
and free exit at the outlet. No influx of grains was imposed, so that the bedform lost grains and
decreased slightly in size along time, in the same manner as in our previous experiments'%13:13-16,
The time step used for the DEM was 2.5 x 1070 s, which was less than 20 % of the Rayleigh time*
in all simulated cases, and that of CFD was 2.5 x 10~* s, which respected the CFL (Courant-

Friedrichs-Lewy) criterion® (see the supplementary material for graphics showing convergence

parameters). The numerical scripts are available in a data repository”'.
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FIG. 2. (a) For each mesh, profile of the longitudinal component of the mean velocity in log-normal scales,
normalized by the inner scales. (b) For mesh 1, profiles of the turbulent kinetic energy and components of
the Reynolds stress normalized by the inner scales. Blue line in figure (a) and dashed lines in figure (b)

represent the DNS results of Moser et al.>2.

V. RESULTS

A. LES convergence test

We start by performing an analysis of mesh convergence for the LES computations of a single-
phase water flow in the channel. The three different computational meshes are shown in Tab. I,
and the results are compared with the DNS results of Moser et al.’? in Fig. 2a. For the different
meshes, this figure shows the profile of the longitudinal component of the time-averaged velocity
% normalized by the inner scales, i.e., u™ = 7/us as a function of yT. From the inset of Fig. 2a, we
observe the convergence of results as the mesh gets thinner, with very small deviations between
results of meshes 1 to 3. For mesh 1, Fig. 2b presents the profiles of the turbulent kinetic energy
and components of the Reynolds stress, where the superscript + stands for normalization by the
inner scales (division by the square of u,), <> means space averages in the x and z directions, and
overbar refers to time averages. We consider that the agreement with the DNS results of Moser et
al>?

is good for the three mesh sizes, and, since mesh 1 has almost half of the computational cost

of mesh 3, we performed all the following computations using mesh 1.
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FIG. 3. Water flow over a barchan dune, computed at the vertical symmetry plane. (a) Longitudinal posi-
tions, normalized by the barchan length L (along the barcan centerline), of the profiles shown next. (b-f)
Vertical profiles of (b) longitudinal # and (c) vertical ¥ mean velocities, and second order moments (d) /s,
(e) v'v/ and (f) —u'V/, at the longitudinal positions previously indicated. The displaced coordinate y, is
normalized by the channel half height &, the mean velocities by the mean velocity at the channel centerline

Us, and the second order moments by u2. Profiles are in streamline coordinates.

B. Flow over barchans

For the simulations with grains, we measured the water flow over a barchan dune. For that,
we carried out one specific simulation in which we let the pile be deformed into a barchan dune,
froze the barchan from a given time on, and stored the velocity fields during 100 s. We then time
averaged the flow and obtained the mean velocities and second order moments. Figure 3b shows
the vertical profiles of @, ¥, u/u’, v'v/ and —i/v/ in streamline coordinates, each one at five different
longitudinal positions of the barchan dune as shown in Fig. 3a. The profiles were computed in the

vertical plane of symmetry of the barchan, and they use the displaced coordinate (Eq. 14), i.e., the
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vertical distance from the dune surface,

ya=y—h(x), (14)

where h(x) is the local height of the barchan along its symmetry line. In Figs. 3b-f, y; is normal-
ized by the channel half height &, % and v by the mean velocity at the channel centerline Uy, and
the second order moments by 2.

We observe that the results are very close to those of Charru and Franklin®®, who carried out
experiments in which turbulent flows over a barchan dune were measured with PIV (particle image
velocimetry). The agreement between our results and those in Ref.>? is excellent for %, ¥ and
—u'v/, while that for u’u’ and vV is qualitatively good (the numerical results have higher values).
We presume that the discrepancies in magnitude for «/s’ and v/v/ are due to noise and filtering in
the PIV experiments (caused by undesirable reflections) and small differences in the shapes of the
barchans (numerical vs. experimental). In any case, however, the —i/V' component is the most
relevant for the transport of grains along the dune.

Part of our LES results can be also compared with those of Khosronejad et al.33. Because in
their experiments and LES computations the barchan dune was much larger than ours (around 1
m in length) and covered with ripples (with size comparable to our barchans), we examine here
only % and —u/v/ over the dune. Comparing thus the vertical profiles over the dune presented by
Khosronejad et al.33 in the crest region with our results, we notice a good agreement in terms of
format and absolute values (noting that their graphics are for —u/Vv/ /U2, with u, = 0.0420).

Therefore, we consider that the water flow over the barchan is well resolved with the LES
approach. We also measured the flow over a barchan with moving grains (i.e., the barchan was
not frozen) and the differences are negligible (see the supplementary material for the flow profiles

over a barchan with the presence of bedload).

C. Dune morphology

In the case of unresolved simulations involving subaqueous bedload, the values of the coef-
ficients of sliding friction u, restitution e, and rolling friction y, are not tabulated, but the first
two are known to vary within 0.1 and 0.9*>°*-6_ In unresolved simulations, the water flow is not
computed in the small separation between two approaching spheres (almost colliding), and, there-

fore, the effects of water (damping, for instance) shall be embedded in the friction and restitution
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FIG. 4. Snapshots showing top views of grains for different coefficients of sliding friction u. Each column
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20

corresponds to a friction coefficient (values shown on the top), and each row to a time instant (values shown

on the left). In this figure, 1, = 0.0 and e = 0.1.

coefficients. The same applies to other effects not directly captured in simulations. In the particu-
lar case of DEM simulations using spheres, i, can be tuned in order to emulate angular grains*
(the resistance to roll emulates the angular surface). We thus carried out simulations in which we
varied U, U, and e, and followed the bedform along time. In all cases investigated, the initial pile
was deformed into a barchan dune, similar to previous experiments!?. However, different from
experiments (where the water flow was imposed in a less abrupt way by turning a pump on), the
initial condition of simulations was a fully-developed flow that flattened the initial pile much faster
than in the experiments. Please see Figs. 1 and 10 (Multimedia view) for movies showing the time

evolution of numerically obtained barchans. After this initial transient, the dune behaved as in the

experiments, and its characteristics varied with the grain properties. Based on measurements of
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FIG. 5. Snapshots showing top views of grains for different restitution coefficients e. Each column corre-

sponds to a restitution coefficient (values shown on the top), and each row to a time instant (values shown

on the left). In this figure, u = 0.6 and p, = 0.0.

celerity and morphology of dunes, we select the values of u, i, and e for the proper LES-DEM
simulations of subaqueous barchans, as shown next.

Figures 4 to 6 show snapshots of dunes (top view) for different coefficients of sliding friction u,
rolling friction u, and restitution e, respectively, where each coefficient was varied independently
of the others. In these figures, each column corresponds to the varied coefficient (values shown on
the top), and each row to a time instant going from 0 to 20 s in steps of 2 s. We notice, as a general
remark, that u, affects greatly the dune morphology, while the effect of u is lesser, and that of e
even lesser.

From the snapshots in Fig. 4, we observe larger differences for u < 0.4, both in terms of
dune morphology and transport rate of grains: as y decreases, the barchan becomes wider and

larger quantities of grains are entrained further downstream from the horns (visible in the images).

15



Grain-scale computations of barchan dunes

0.00 0.01 0.05 0.10 0.30
0s
2s
4s
6s
8s

10 s
12's
14 s
16 s
18's
20 s

FIG. 6. Snapshots showing top views of grains for different coefficients of rolling friction y,. Each column

corresponds to a coefficient of rolling friction (values shown on the top), and each row to a time instant

(values shown on the left). In this figure, 4 = 0.6 and e = 0.1.

For u > 0.4, only small differences in the barchan shape are observed (investigated in detail in
Fig. 7). Inits turn, Fig. 5 shows that changes in the restitution coefficient within 0.1 < e <
0.9 have negligible effect on the morphology. Those observations are in agreement with previous
computations of bedload using DEM>>_ which showed negligible variations in the transport rate
for0.01 <e<landpu > 04.

The rolling friction is especially useful when angular grains are simulated as spherical particles,
since the effects of angularities are embedded in p,. This means that values of p, are rather large
for angular grains simulated as spheres in DEM codes: while the rolling friction of glass spheres
is virtually zero (i, = 0.01), that of typical sand is u, ~ 0.3 (Ref.*°). The computational costs
of such procedure are much lesser than those of producing angular grains numerically. Figure

6 presents the effects of increasing (., and, therefore, the angularity of particles composing the
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bedform, going from O (perfect spheres) to 0.3 (typical sand). For the same water flow of previous
simulations, we observe that the main effect of angularity, within the simulated time, is to hinder
the motion of grains, increasing the time for the growth of barchan and reaching much longer

timescales in the case of sand (i, = 0.3).

FIG. 7. Time evolution of the morphology and positions of bedforms parameterized by the friction coeffi-
cient u: (a) Barchan width W; (b) barchan length L; (c) position of the centroid in the longitudinal direction
Cy; and (d) position of the centroid in the transverse direction C,. The symbols used for different values of

1 are listed in the figure key, and i1, = 0 and e = 0.1 in the simulations.

In order to evaluate the friction coefficient u for barchans consisting of glass spheres (u, ~ 0),
we plot in Fig. 7 the time evolution of the barchan width W (Fig. 7a), length L (Fig. 7b), longi-
tudinal component of the centroid position Cy (Fig. 7c) and transverse component of the centroid
position C; (Fig. 7d) for different values of u (the other coefficients were fixed), and compare
them with experiments. The experiments were carried out as in Refs.!>!>!15 (see the supplemen-
tary material for a brief description of the experimental setup), and each experiment shown in Fig.
7 corresponds to the average of three different test runs: one average for glass spheres (< Exp >
in the figure key) and the other for angular glass particles (< Exp Ang > in the figure key). We

observe a large deviation during the first few seconds of simulation due to the initial condition

17



AlIP
Publishing

£

Grain-scale computations of barchan dunes

—*-0.1
0.3
0.5
—-0.7

0.9
——<Exp>
----<Exp Ang>

201

10

Cx(mm)

FIG. 8. Time evolution of the morphology and positions of bedforms parameterized by the restitution
coefficient e: (a) Barchan width W; (b) barchan length L; (c) position of the centroid in the longitudinal
direction Cy; and (d) position of the centroid in the transverse direction C,. The symbols used for different

values of e are listed in the figure key, and pt = 0.6 and p, = 0 in the simulations.

for the water flow mentioned previously: the initial flow condition in simulations is rather abrupt
when compared with experiments, since the final realization of a developed channel flow (one-
phase water flow simulated previously) is imposed as initial condition at # = O s in the simulations
with grains. The higher flow velocities at the very beginning of the simulations in comparison with
those of experiments make the initial pile flatten faster in the numerical computations, displacing
the W, L and C, curves of simulations to higher values (0's < t S 1 s). After this different transient,
we observe that the numerical results present similar tendencies as those of the experiments, with

1.55, who found smaller variations

closer results for 0.6 < u < 0.9 (in agreement with Maurin et a
of the transport rate of grains within 0.4 and 0.8). Because previous works computing bedload
with DEM used 0.6*2%% or values close to it’’”3, and since p = 0.6 generates crescent shapes
that are similar to those of experiments (Fig. 4), we decided to fix p = 0.6 for the simulations
with glass spheres. For values lower than 0.5, dunes become wider and more grains are entrained

further downstream.
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FIG. 9. Time evolution of the morphology and positions of bedforms parameterized by the coefficient of
rolling friction u,: (a) Barchan width W; (b) barchan length L; (c) position of the centroid in the longitudinal
direction Cy; and (d) position of the centroid in the transverse direction C,. The symbols used for different

values of y, are listed in the figure key, and ¢ = 0.6 and e = 0.1 in the simulations.

4s 8s 125 16 s 20 s
11);‘1111 _--

FIG. 10. Comparison between (a) LES-DEM simulation and (b) experiment. For the simulation, u = 0.6,

U, =0and e =0.1. Multimedia view (for the simulation).

We carried out similar evaluations for the coefficients of restitution e and rolling friction u,,
which are shown in Figs. 8 and 9, respectively, Figs. 8a and Figs. 9a to 8d and 9d corresponding
to W, L, Cy and C,, respectively. Apart from the initial transient (different from the experiments

because of the initial conditions for the water), the restitution coefficient has little effect on the
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results. This agrees with the results of Maurin et al.®> and Pihtz et al.*® , who showed a very
small influence of e on CFD-DEM-computed bedload. In order to remain closer to values used in

previous works*254

, we fixed e = 0.1. For varying (., we note that differences in W and L between
simulations and experiments are less prominent for angular grains. Indeed, a reasonable agreement
between experiments and simulations occurs for y, = 0.1 (for the angular particles that we used).
However, this better agreement (in comparison with spherical particles) seems to be caused by
relatively small effects of initial conditions on angular grains (due to their higher resistance to
move). In general, by increasing U, the longitudinal celerity decreases (lower mobility) and the
morphology (W and L) has small deviations, with the exception of , = 0.3. Nevertheless, u, = 0.3
seems excessively high for simulations emulating angular grains, the corresponding bedload layer
presenting very low mobility in simulations. Figure 10 (Multimedia view) shows a comparison
between our LES-DEM simulation with (¢ = 0.6, i, = 0 and e = 0.1) and one of our experiments
for glass spheres. The agreement is good.

We observe a small deviation of C, toward negative values in Figs. 7d, 8d and 9d. Since the
physics is symmetric in the z direction, C; should vary around a zero value. However, we used the
same initial flow field (one-phase water flow), which had a small z asymmetry, in the simulations
with grains, so that the same initial asymmetry appeared in all simulations. We note that the
asymmetries shown in Figs. 7d, 8d and 9d are relatively small, being of the order of the grain
diameter. This means that very few grains that spread away from the initial pile (at the beginning
of simulations) can create such asymmetry.

Finally, we note that we kept two of the following coefficients at g = 0.6, g, = 0.0 and e
= 0.1, while the third one varied within the values in Tab. II, the fixed values being chosen in
accordance with those found in the literature for simulations of subaqueous bedload*>34-3%. Since
the coefficients to be used for barchans (based on the results for their morphology) agree with
those for subaqueous bedload, and given the large spans over which we varied the coefficients, the

number of simulations carried out in this work seems reasonable.

D. Dynamics at the grain scale

For the simulation with 4 = 0.6, u, = 0.0 and e = 0.1 (corresponding to glass spheres),
we followed the grains of the initial pile as it was deformed into a barchan dune, and com-

pared their trajectories with those of the experiments and numerical simulations of Alvarez and
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FIG. 11. (a) Snapshots showing the deformation of the initial pile into a barchan dune, in which the particles
that composed the horns at # = 25 s are highlighted in red color since the beginning of the simulation. (b)
Trajectories of the glass spheres that migrated to horns during the first 100 s of simulation. The circle repre-
sents the initial pile and the color of pathlines varies with the instantaneous position of the dune centroid (as
shown in the colorbar). (c-d) Frequencies of occurrence of the initial positions of the grains that migrated
to horns during the first 100 s as functions of (c) the angle with respect to the main flow direction and (d)
the radial position. The direction of the water flow is 0°, and in figure (d), the probability density function

(PDF) is also shown. In the figures, u = 0.6, i, =0.0 and e = 0.1.

Franklin!31>17-18 " We begin by tracking back, up to # = 0 s, the grains that formed part of the
horns when ¢ = 25 s. Figure 11a presents top view images of the bedform, in which the particles
that formed the horns (or great part of them) at r = 25 s are highlighted in red color since the
beginning of the simulation. The figure thus depicts how the ensemble of grains migrates toward
the horns as the initial pile is deformed into a barchan dune, and we observe that they come from
the periphery of the upstream half of the initial pile. This is corroborated by Figs. 11c and 11d,
which show the frequencies of occurrence of the initial positions of the grains that migrated to
horns during the first 100 s as functions of ¢ and radial position, respectively. From Figs. 11c
and 11d, we notice that most of grains have their origin on the periphery of the bedform, within
105° < ¢ <160° and 210° < ¢ < 260°, where ¢ = 0° in the flow direction. These results are in

agreement with those of Refs.!315:1718,

Figure 11b shows the trajectories of all grains that migrated to horns during the first 100 s of
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FIG. 12. (a) Trajectories of the angular grains that migrated to horns during the first 50 s of simulation. The
circle represents the initial pile and the color of pathlines varies with the instantaneous position of the dune
centroid (as shown in the colorbar). (b-c) Frequencies of occurrence of the initial positions of the grains that
migrated to horns during the first 50 s as functions of (b) the angle with respect to the main flow direction
and (c) the radial position. The direction of the water flow is 0°, and in figure (c), the probability density

function (PDF) is also shown. In the figures, u = 0.6, y, = 0.1 and ¢ = 0.1.

simulation. In this figure, the circle represents the initial pile and the color of pathlines varies
with the instantaneous position of the dune centroid, (r. — o) /R (shown in the colorbar), where
1. is the instantaneous position of the dune centroid, ry the position of the centroid of the initial
pile, and R the radius of the initial pile. Therefore, trajectories represented by dark-blue pathlines
began when the pile was at the initial position and dark-red pathlines when the barchan had already
migrated a distance greater than the pile diameter (2R). We observe that, as shown experimentally

by Alvarez and Franklin!31>

, grains migrating to the horns of subaqueous barchans follow curved
paths with considerable transverse displacements, different from the aeolian case, where grains are
entrained by the fluid mainly in the longitudinal direction! (with transverse movements occurring
by reptation and avalanches). The same patterns occur for angular particles (1, = 0.1), as shown

in Fig. 12.

At each instant, the LES-DEM computations output the forces acting on individual grains.
The summation of all forces (RHS of Eq. 1) provides thus the resultant force on each grain,
something that until now is inaccessible from experiments. This is a great advantage of LES-

DEM simulations over experiments and other numerical approaches.

Following the same procedure of Alvarez and Franklin'®, we divided the dune into small re-

gions and computed, along time, the ensemble average of the resultant force for all grains that
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FIG. 13. Spatial distributions of the (a) longitudinal and (b) transverse components of the ensemble-
averaged resultant force acting on grains. The averages were computed within 10 s < ¢ < 20 s for all

grains. The values shown in the colorbar are in N.

passed by (or remained in) those regions, including grains below the dune surface. With that,
we produced maps showing the spatial distributions of the resultant force acting on grains, such
as in Fig. 13. Figures 13a and 13b present, respectively, spatial distributions of the longitudinal
(Fy) and transverse (F;) components of the ensemble-averaged force, computed within 10 s <¢ <
20 s, in polar coordinates (the water flow direction is 0°). In these figures, F is positive toward
downstream (¢ = 0°) and negative toward upstream (¢ = 180°), while F; is positive toward the
right (with respect to the flow direction, i.e., ¢ = 270°) and negative toward the left direction (¢
=90°). Since there are no experimental measurements of the resultant force acting on each grain,
we compare the present results directly with our previous simulations and indirectly, in terms of

expected trajectories, with previous experiments.

As in Ref.'8, we observe that the longitudinal component is positive upstream the crest and neg-
ative on the crest, indicating a deceleration in that latter region and, consequently, grain deposition
on the crest. In the inter-horns region downstream the crest, we observe negative values caused by
the recirculation bubble, showing that grains in that region are entrained upstream and kept close
to the lee face. We also observe that the longitudinal component is stronger close to the lateral
flanks of the barchan 100° < ¢ < 160° and 210° S ¢ < 260°. On the dune periphery, we ob-
serve that the transverse component points outwards upstream the crest and inwards downstream
the crest. The force distribution agrees with previous experiments on subaqueous barchans!>!13,

which showed that grains migrating to horns come from upstream regions on the periphery of the
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dune, executing curved trajectories with considerable transverse motion.

When LES-DEM computations with y = 0.6, g, = 0.0 and e = 0.1 are used for simulating
subaqueous barchans, the results at the grain scale agree well with experiments under similar
conditions (glass spheres)'!3. This type of simulation can be further explored to investigate
dunes that consist of grains of different materials by using the proper coefficients (for example, U,
=0.3 for sand®).

Finally, we observed that the best results are obtained when the ratio between the sizes of the
smallest mesh and mean particle diameter is within 1.2 and 1.6. Outside this range, grains tend to
accumulate excessively in upstream regions, the dune shape deviates from experimental results, or
the dune motion is different from experimentally observed. We note that, even though our simula-
tions present an excellent agreement with experiments, not all the details are well captured, such as
the small jumps of some particles observed in the experiments. In our opinion, resolved computa-
tions (including angularities in the case of angular particles) should be employed to capture those
small details, but in that case simulations would be excessively time consuming. Unresolved LES-
DEM computations bear a good compromise between the accuracy of results and computational

costs for the numerical simulation of barchan dunes.

VI. CONCLUSIONS

In this paper, we inquired into the values of solid-solid parameters, namely the coefficients
of sliding friction u, rolling friction L, and restitution e, for: (i) carrying out CFD-DEM com-
putations that successfully reproduce subaqueous barchans (as measured in previous and current
experiments); and (ii) understanding the influence of those parameters on the barchan dynamics.
We made use of the open-source code CFDEM, which couples the open-source codes OpenFOAM
(for CFD) with LIGGGHTS (for DEM), and we computed the fluid flow using LES in order cap-
ture the most energetic vortices (in particular in the recirculation region). We showed, for the first
time, the ranges of parameters (i, i, and e) for the proper computation of barchans down to the
grain scale, obtaining the dune morphology and timescales, disturbances of the fluid flow, trajec-
tories of individual grains, and forces experienced by each grain. Based on experiments in the
subaqueous case, we found that u = 0.6, i, = 0.0 and e = 0.1 are appropriate for bedforms con-
sisting of glass spheres, and p = 0.6, 1, = 0.1 and e = 0.1 for bedforms of angular glass particles.

These values have been determined by varying the coefficients and comparing the results directly
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with experiments. In addition, we observed that the best results are obtained when the ratio be-
tween the sizes of the smallest mesh and mean particle diameter is within 1.2 and 1.6. Finally,
we made a parametric study and showed how different grain properties affect the morphology of
barchans. Our results show how to configure LES-DEM computations to resolve, at the same
time, the morphology of barchans, the grains’ motion, and details of the fluid flow, opening new
possibilities for studying the dynamics of dunes down to the grain scale (including forces on each

grain, which are not accessible from current experiments).
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Appendix A: Contact model

When two spherical particles i and j are in contact, their normal displacement J, is given by:
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Sn:ri+rj—|)_c'i—5c’j|, (A1)
where X; and ¥; are the positions of the centers of the particles, and r; and r; their radius. These
particles have Young moduli E; and E; and Poisson’s ratios o; and 6;. The coefficients k;,, &,
Y, and ¥, are computed by Egs. A6 to A10, which are based on the displacement &,, damping

coefficient B (Eq. A8), and the effective radius r., mass m,, contact modulus E, and shear modulus

G. (Egs. A2 to AS).

.= — A2
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mim
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e m;+m; (A3)
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B :ﬁ (A8)

In?(g) + n2
Y= 72\/2[3 2E./ R:6,my (A9)

%= —2\/5[3\/806\/&6,% (A10)

The contact torques are computed as the sum of the torques due to F;; and rolling friction T..

For a given particle of radius r, contact torques are given by Eq. Al1:

1= (FiixT+T,)., (AL1)
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where 7i and 7 are unit vectors in the normal and tangential directions, respectively. Derakhshani

1.4 showed that T, can be modeled by considering only the spring component (the damping

eta
one being neglected). For a rolling stiffness k, (Eq. A13) and an incremental rolling 6, (at the

considered contact),

T, = —k,A6,7i X T, (A12)
Fc,n
k= ”’RC(T;" ; (A13)

where 0,” is the angle for incipient rolling and u, is the coefficient of rolling resistance.

Appendix B: CFD-DEM force exchange

This section describes how the fluid-particle interactions are computed for the DEM (F; p» BQ.
7) and CFD (ﬁxch, Eq. 13) parts.

1. CFD

The drag force in fluid equation, corresponding to the first term on the RHS of Eq. 13, is

computed by the Gidaspow model>®,
1 & Ve L
=—) - Bl
fd AV - lfOtf (up ufl’)’ ( )

where i, is the fluid velocity at the particle position, and

%Cdpj-a/(lfog)lﬁ/*ﬁA aff2A65 (1 _ (Xf) < 0.2
Bc = (B2)

2. N
150(‘2;2“/4»1.75%(1 Otfd)|uf iip | (1—af)>0.2

with,

Cy= (0.63 1£0.48\/V, /Red) , (B3)

Re, being the particle Reynolds number, given by
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dlir—ii
Re = Prelir — | 84
My
and V, is given Eq. BS,
V,=05 (A] —0.06Re + \/(0.06)2 +0.12Re (2A; — A, +A%)) , (BS)
with,
A = a}"”
0.80t; ay <0.85 (B6)

Ay =
a7 oy >0.85

The second term on the RHS of Eq. 13 corresponds to the virtual mass force by unit of volume,

fom, given by Eq. B7.

- 1 dﬁf di
=—(1- L 2 B
fvm 2( OCf)Pf(dt dt ) (B7)
The exchange term in the fluid equation (Eq. 12) is thus ﬁxch = fd + ]_‘;m

2. DEM

For each grain of volume V), the forces in Eq. 7 are computed by Eqs. B8 to B11.

Fy=Vpfa (BS)
F,=-V,VP (B9)
Fr=V,V.7 (B10)

o 1 dﬁf dﬁp
g1 auy  dup Bl1
vm ZVpr( dt dt ) ( )
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Appendix C: Smoothing of the void fraction and momentum

In order to make computations of coarse grains (grain size comparable to that of meshes) more

stable, a difusion equation can be used for the void fraction as well as the coupling forces:

%Z A v2
ot Atcrp

(ChH

where A is a characteristic smoothing length, Afcpp is the time step of CFD computations, and &

=y or fexch- In the present simulations, we considered A = 3d.
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