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Resumo

Na morfodinamica das dunas com forma crescente, conhecidas como barcanas, muitos aspectos
complexos estdo envolvidos. Esta tese analisa o crescimento das dunas do tipo barcana sob
escoamentos turbulentos de d4gua. Abordagens experimentais € numéricas sdo empregadas para
identificar algumas caracteristicas intrinsecas desses padrdes granulares. Os resultados expe-
rimentais mostram a existéncia de tempos caracteristicos para o surgimento e o equilibrio das
barcanas. Essas dunas sdo encontradas na natureza e na industria. As escalas de comprimento e
tempo vao do quildmetro e milénio em Marte, passando pelos 100 m e 1 ano nos desertos, até
10 cm e 1 minuto para as barcanas subaquaticas. Em todos os casos, a dindmica é semelhante,
mas as escalas sdo totalmente diferentes. Devido a que a caracteristica tnica da duna barcana é
a presenca de suas extremidades, chamadas horns, este trabalho associa a escala de tempo para
o aparecimento delas a formagdo da barcana inteira. Baseado em argumentos dimensionais,
propde-se uma escala de tempo para o crescimento das dunas. Posteriormente, usando um mé-
todo de rastreamento na escala do grao, é demonstrado que a maioria dos graos que formaram
os horns vieram de regides a montante, com um deslocamento médio da ordem do tamanho
da duna. Os grios que viajam para os horns t€ém deslocamentos transversais, por rolamento e
deslizamento, que ndo sdo despreziveis. Por fim, as descobertas obtidas experimentalmente sdo
reproduzidas numericamente empregando as mesmas condicdes de contorno. Os resultados
numéricos capturaram adequadamente a evolucdo da pilha inicial até uma duna barcana nas
ambas escalas; do leito e do grdo, com os mesmos tempos € comprimentos caracteristicos
observados nos experimentos. Todos os novos aspectos apresentados neste trabalho mudam a
forma como tinha sido explicado o crescimento das barcanas subaquaticas, e representam um

passo significativo na compreensdo da formagdo das dunas barcanas.

Palavras-chave: Leito mével, escoamento turbulento, duna barcana, grads finos.



Abstract

In the morphodynamics of crescent-shaped dunes, known as barchans, many complex
aspects are involved. This thesis addresses the growing of barchan dunes under turbulent water
flows. Experimental and numerical approaches are employed to identify some intrinsic features
of these bedforms. The experimental results show the existence of characteristic times for the
appearance and equilibrium of the barchans. These dunes are found in both nature and industry.
The length and time scales go from the kilometer and millennium on Mars, passing by the
100 m and 1 year on deserts, down to 10 cm and 1 minute for sand barchans in water. In all
cases, the dynamics are similar, but the scales are entirely different. Because the unique feature
of a barchan dune is its extremities, called horns, this work associates the time scale for the
appearance of them to the formation of the whole barchan. Based on dimensional arguments, it
is proposed a time scale for the growth of the dunes. Afterward, using a tracking method at the
grain scale, it is demonstrated that most of the grains that formed the horns came from upstream
regions with an average displacement of the order of the bedform size. The grains traveling
to the horns have transverse displacements by rolling and sliding that are not negligible. In
the last part, the findings retrieved from the experimental frame are reproduced numerically
employing the same boundary conditions. The numerical results captured well the evolution
of the initial pile toward a barchan dune in both the bedform and grain scales, with the same
characteristic time and lengths observed in the experiments. All the new aspects presented in
this work change how has been explained the growth of subaqueous barchans and represent a

significant step toward understanding the formation of barchan dunes.

Keywords: Bed load, turbulent flow, barchan dune, fine grains.
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1 INTRODUCTION

This chapter presents a general overview of the sediment transport and of a type of sand
dune, called barchan. Moreover, the research objectives are defined. Finally, the outline of the

thesis is presented.

1.1 Background

The term sediment is employed either in natural sciences or engineering applications. In
the first one, sediment refers to loose granular material at the Earth’s surface that results from
the weathering of rocky material entrained by wind or water or ice. In the engineering context,
the word sediment is used to refer to particulate material transported in some system or flow
device. The study of the transport of sediments in both natural and industrial applications is a
complex subject, still poorly understood despite the longstanding effort of several researchers
during the past few decades. Many patterns formed on the Earth are the direct result of the
interaction fluid-sediment and can appear in different environments such as fluvial, coastal and
aeolian. In engineering applications, it is common to observe particles entrained by fluids, for

instance, in petroleum pipelines, or sewing and dredging systems.

As aresult of the interaction between turbulent flows and a sand-covered surface, sand du-
nes can emerge and depending on the flow parameters and sand properties the formed patterns
reach different sizes and shape (Sotiropoulos & Khosronejad, 2016). If the fluid flow provo-
kes moderate shear stress on a granular bed, some grains are displaced by rolling, sliding, or
by small jumps maintaining contact with the fixed part of the bed. The moving grains form
then a mobile granular layer known as bed load. Barchan dunes are a special type of sand
forms, which appear when the bed load occurs over a nonerodible surface under a flow mainly
one-directional (Bagnold, 1941; Herrmann & Sauermann, 2000; Hersen, 2004). The crescentic
shape of barchans is a distinctive characteristic of these dunes. The extremities of the barchan,
called horns, differentiate it from other bedforms (see Figure 1.1). Devote effort to study them
is highly relevant because barchan dunes are observed in a wide variety of environments, such

as deserts on Earth (Bagnold, 1941), rivers, water channels (Hersen et al., 2002; Franklin &
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Charru, 2011), and even over the surface of other planets, like Mars and Venus (Claudin &

Andreotti, 2006; Parteli & Herrmann, 2007), for example.

Wind direction
4>

Fig. 1.1: Aeolian and aquatic barchan dunes. a) Photograph of a barchan in Erfoud, Mo-
rocco (Groh et al., 2009). b) Martian dune, its size is of the order of kilometers (NASA/JPL-
Caltech/University of Arizona). c) Dunes in a pipe (Al-Lababidi et al., 2008). d) Barchan in a
closed-conduit channel from the present experiments.

Large length and time scales are involved in the sand dunes under air flows. In Earth
deserts, we find dunes of the order of 10> m and that took many years to develop (Bagnold,
1941). For aeolian Martian dunes, the scales reach the kilometer and millennium. In industrial
pipe flows (Al-Lababidi et al., 2008) and dredging systems barchans can appear, but with much
shorter lengths than the aeolian case. Isolated dunes may cause an increase in pressure drop
and potential damages in industrial pipe flows (Al-Lababidi et al., 2012). Barchan dunes under
aquatic conditions have many similitudes with those formed by air flows; consequently, it is
possible to take advantage of that and study these sand patterns without the evident compli-
cations present in field measurements. Figure 1.1 shows dunes formed in aeolian and aquatic
environments, namely air or water; the arrows indicate the most probable fluid direction. In
Figs. 1.1(a), 1.1(c) and 1.1(d) the flow is from left to right. The crescentic shape is remarkable
regardless of the environment where the dunes are present, and in all cases, the horns are for-
med. The interaction between the particle transport and the fluid motion, on the dynamic of the

barchans, presents two interesting facts: (i) the grains are transported from upstream regions of
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the crest and deposited downstream because the fluid accelerates on the windward slope and
decelerates on the lee side (Charru et al., 2013), and (ii) the migrating velocity inversely scales

to the dune height (Bagnold, 1941).

The horns pointing downstream is the main feature of a barchan. For this reason, the
growing of a barchan dune can be related to the appearance and growing of its horns. Barchan
dunes have been investigated by experimental, analytical, and numerical means; however, a
full description is far to be reached. The general picture of barchan dune formation from the
sand pile has been described with the lateral slices of the pile, of smaller height, moving faster,
and this leads to the barchan shape with horns advanced downwind concerning the remaining
of the dune body (Bagnold, 1941; Andreotti et al., 2002a; Kroy et al., 2002b). Although this
description has been referred to during decades to explain dune formation in air and water, it
has not been fully verified, at least experimentally. In this context, experimental studies become
relevant, especially to develop accurate three-dimensional theoretical and computational models
for barchan dunes. Additionally, understanding the morphology and dynamics of barchans has

implications in different areas of physics and other disciplines.

1.2 Objectives

1.2.1 General objective

This work is devoted to studying the genesis and formation of subaqueous barchan dunes,

from a morphological characterization to a description at the grain scale.

1.2.2 Specific objectives
o Analyze the formation of subaqueous barchan dunes from heaps initially conical under-
going turbulent water flows through an experimental approach.

o Determine the time scales for the appearance and equilibrium of dune horns, which can

be associated with the birth of a barchan.



1.3

25

Study the trajectories of grains going to horns for the cases of both evolving and developed

dunes.

Measure the transverse and streamwise components of the velocities of grains that form

the horns of a barchan.

Reproduce the evolution of the barchans numerically, from their initiation until they have
reached a stable shape, at description levels from the bedform scale to the dynamic of the

grain.

Provide, from the subaqueous case, new insights into the physical mechanisms underlying
the shape of barchan dunes, which might potentially be extrapolated to bedforms found

on terrestrial deserts and other planetary environments through further investigations.

Outline of the thesis

This thesis is organized as follows: Chapter 1 shows an overview of the barchan dunes

and the objectives of this thesis. Chapter 2 presents a literature review focused on fundamental

concepts to allow understanding the aspects involved in the barchan dunes formation. Further-

more, this chapter provides fundamental concepts that are relevant to this study. Chapter 3

presents a study on the appearance of a dune from piles initially conical and it is proposed a

time scale that characterizes the birth of a subaqueous barchan. Chapter 4 presents a description

at the grain scale of the movement of grains going to the horns for both evolving and developed

dunes. Chapter 5 is devoted to the study of the evolution of subaqueous barchans employing a

numerical approach. Finally, the general concluding remarks and suggestions for future works

are shown in Chapter 6. The list of peer-review publications that this work has produced is

presented as an annex. Supplementary information is provided in the appendices.
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2 LITERATURE REVIEW

This chapter has the intention of presenting some fundamental concepts to allow the rea-
der to familiarizes themselves with the background on the barchan dunes. First, a summarized
description of the flow through a rectangular channel is addressed. Afterward, the parameters
involved in the sediment transport are presented, namely the transport threshold, the satura-
ted flux, and the saturation length. Finally, a brief description of the large eddy simulation is

discussed.

2.1 Theoretical formulation

2.1.1 Governing equations for an incompressible flow

A flow with negligible changes in the density, as is considered in the present study, is
known as an incompressible flow. Moreover, if thermal effects and substance concentrations are
also considered negligible, the viscosity can be approximated by a constant. The continuity and

momentum transfer equations for an incompressible flow can be expressed as

o _,
a.ij
2.1)
N | = __61” ,
,0( 8t +U]8x]) a{L'j J+'u8xj8xj

where U is the i, component of the velocity vector, p is the pressure, J;; is the Kronecker delta,
and p and p are the density and the dynamic viscosity of the fluid, respectively. Additionally, an
external force term can be considered in the momentum equation. The set of Egs. 2.1, usually
referred to as the Navier-Stokes equations, describes the behavior of the fluid flow; however, an
analytic solution is not available for the general case. Thus, numerical approaches are required
and the solutions are determined by discretization of the equations. In this context, numerical

toolboxes such as OpenFOAM (www.openfoam.org), an open-source software, rise and are
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employed to simulate the behavior of fluids in several situations efficiently. OpenFOAM uses
the finite volume method (FVM) for the discretization and the solution of partial differential
equations. In this work, we take advantage of this software to solve the fluid flow in a rectangular

channel as will be shown in Chapter 5.

2.1.2 Turbulence in channel flows

In this section, we present some fundamental concepts of turbulent flows in rectangular
channels. Consider the flow through a rectangular channel, as sketched in Fig. 2.1, of height
20, length L and dimension b in the spanwise direction, where the mean velocity varies mainly
in the cross-stream (y) direction, and the extension of the channel b in the spanwise direction
(z) is large compared with . Thus, the flow is statistically independent of z. The velocities
in the three coordinate directions are U, V', and W with fluctuations u, v and w. The velocity
fluctuations are defined accordingto u=U — (U),v=V —(V), and w = W — (W), where (U),

(V), (W) denote the time-averaged velocity. The mean cross-stream velocity (W) is zero.

Fig. 2.1: Sketch of a rectangular channel with dimensions L in the streamwise direction, h = 20
in the cross-stream direction, and b in the spanwise direction.

For the study of channel flows in a turbulent regime in steady conditions, it is considered
that the flow is statistically stationary and statistically one-dimensional, with velocity statistics

depending only on y (Pope, 2000). The Reynolds numbers employed to characterize the flow
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are given by Eqs 2.2 and 2.3.

Re = p(20)U/ , (2.2)

Reg = pUsd /1, (2.3)

where U is the cross-section mean velocity, Uy is the mean centerline velocity at y = 0.
2.1.3 The balance of mean forces

Since (W) is zero and U is independent of x, the mean continuity equation reduces to

awv)

= 2.4
dy 0, (2.4)

integrating Eq. 2.4, with (V) =0 on y = 0 and 20 gives (V') = 0 for all y. Under these circums-

tances, the mean-flow momentum equations are:

0=—= ({p) +p(?)), (2.5)

_dXU) d 10(p)
=V dy2 — d—y(uv) — ;%, (26)

using the boundary condition that the variance of the vertical fluctuation is zero at the wall

(y = 0), Eq. 2.5 integrates to
(v*) + (p)/p = pu(x)/p, 2.7

where p and p,, = (p(x,0,0)) stand for the pressure and the mean pressure on the bottom
wall, respectively, and v = p/p is the kinematic viscosity. Equation 2.7 shows that the mean

streamwise pressure gradient is uniform across the flow, i.e., it is only a function of z:
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p) _ dpw

o de (). (2.8)

On the other hand, Eq. 2.6 can be expressed as

dr  dp,
R 29
dy  dr’ (2.9)
where the total shear stress 7(y) is
a(U
T =pv ;y> — pluv), (2.10)

pvd(U)/dy is the viscous stress and —p(uv) corresponds to the Reynolds stress.

Thus, the only way for Eq. 2.9 to be valid is for d,/d, and dp,,/dx to each be cons-
tant. Away from the wall, 7 is due mostly to the Reynolds stress, close to the wall the viscous

distribution dominates and at the wall the stress is entirely viscous (Kundu et al., 2016).

The solutions for ¢, and dp,,/dx can be expressed in terms of the wall shear stress 7, =

7(0), and considering that by symmetry 7(0) is zero, the solution to Eq. 2.9 is

Tw dpuw
v Tw 2.11
5 i (2.11)
and 7 along y is expressed as
T(Y) = Tw (1 - %) : (2.12)

normalizing 7,, by a reference velocity, we obtain the friction coefficient C'y = 7,,/0.5pU2.
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2.1.4 Scales in the near-wall region

As stated above, at the wall, the Reynolds stresses are zero, so the wall shear stress is due
entirely to the viscous contribution. Close to the wall 7, p, and v are the appropriate parameters

to define viscous scales for the velocity and the length. One of these is the friction velocity

w, = (2.13)
p

another one is the viscous length scale

0y = v/ . (2.14)

Additionally, the friction Reynolds number can be defined as

Re, = "0 (2.15)

v

and the distance in wall units is given by

Yy =y/v= . (2.16)

The turbulent flow in a rectangular channel can be analyzed in different regions defined
along the y direction on the basis of y*. So we have the viscous wall region for 4y < 50, in
this region the molecular viscosity domains. Conversely, in the outer layer 3 > 50 the effect
of the viscosity is negligible. There is a viscous sublayer for y* < 5, where the Reynolds shear
stress is negligible compared with the viscous stress. For y™ > 30 is defined a region governed
by a logarithmic law, which is simply known as log-law region. Between the viscous sublayer
(y* < 5) and the log-law region (y* > 30) it is defined the buffer layer. It is a transition region

between the viscosity-dominated and the turbulence-dominated parts of the flow (Pope, 2000).
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For the viscous sublayer it is kept the linear relation u™ = y*, and the log-law is given by u™ =
x~'1n y* + B, where & is the von Kdrmén constant and B is a constant. Generally, the values

assigned for the log-law constants are k =0.41 and B =5.2.
2.1.5 Mixing length theory

In the context of turbulent shear flow past a wall, the fluid can sustain more shear stress
due to the turbulence fluctuations and eddies compared to the laminar case. This effect can be
modeled introducing a turbulent viscosity p or a turbulence shear stress 7 (the latter corres-
ponds to the Reynolds shear stress —p(uv)), so 7r can be expressed as (Hinrichsen & Wolf,

2006; White, 2006)

Prandtl (1935) proposed an expression for the turbulent viscosity pir, it was defined as

dU
pr = pl? (—> : (2.18)
dy

i has the same dimensions as y, but it is not a fluid property, varying instead with flow condi-
tions and geometry. In Eq. 2.18 the mixing length [ is some function of the flow and/or position.
This length can be interpreted as being a length in a direction transverse to the flow that an eddy
must displace for its velocity to reach that of the mean flow (Schlichting, 2000). Prandtl (1935)
assumed that the mixing length varies linearly with the distance from the wall, [ = xy. Under

this consideration, the turbulence shear stress can be expressed by

U\’
T = pr*y? (d—> . (2.19)
Y

By integrating Eq. 2.19 from ¥, to y and assuming that the turbulent shear stress is the
overall shear stress 7 (because the flow is considered fully turbulent), one can solve Eq. 2.19 for

U to obtain



32

v=Lt Ty, (ﬁ) , (2.20)
R P Yo

where it was made the further assumption that 7 is constant and equal to the wall stress 7. It
was also defined ¥, as a roughness length above the wall at which the velocity is zero. Equa-
tion 2.20 shows that the mean velocity profile is logarithmic with distance from the wall. The
roughness length is either defined by the thickness of the viscous sublayer or by the size of the

surface perturbations.
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Fig. 2.2: Hydraulically smooth and rough surfaces depending on the grain sizes. Figure retrieves
from Sauermann (2001).

In Fig. 2.2 the perturbations are caused by particles interacting with the fluid flow. Figure 2.2(a)
shows grains immersed in the viscous sublayer, which creates a hydraulically smooth surface.
On the other hand, in Fig. 2.2(b) the grains are larger than the viscous sublayer and create a
hydraulically rough surface. The turbulent viscosity can be obtained from an algebraic rela-
tion, such as the mixing length model, or it can be obtained from modeling and/or turbulence

simulation. In section 2.2, the main aspects involved in large eddy simulation are presented.
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2.1.6 Sediment transport

The transport of granular matter can be addressed at two levels: (i) focusing on the dy-
namics at the grain scale, and (i1) averaging the fluxes of mass. Depending on the mode of
transport and on the flow regime, the link between these two levels exists or is still incomplete
(Andreotti et al., 2013). Gravity, hydrodynamic forces, and contact forces are exerted on the
particles, and depending on them different modes of sediment transport are produced. Suspen-
sion is a mode depending, mainly, on hydrodynamic forces, independently of the hydrodynamic
regime, namely viscous, laminar o turbulent, this mode is associated with the transport of fine

particles.

.........................................................................

slidin
g

Granular bed

Fig. 2.3: Schematic diagram illustrating the mode of transport called bed load (adapted from
Ali & Dey (2018)).

When the effect of gravity is large enough to confine transport to a thin layer at the surface
of the sand bed, the transport mode is called bed load (Fig. 2.3). In this case, the grains, entrained
by the fluid, move by rolling, sliding, or by small jumps, in this mode, the three forces act

simultaneously.
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The mode of transport when the particles make successions of jumps is called saltation. In
air, they rise several hundred or thousand-grain diameters and moving downstream even longer
distances, in water the height of rising is a few grain diameters, but the motion appears to be
essentially the same, the saltation term, however, is used for the motion of sand in air. The
grains transported in saltation and colliding with the fixed bed with enough energy cause the
transport known as reptation (Bagnold, 1941; Andreotti et al., 2013). Contact forces and gravity
dominate the reptation mode. Different bedforms such as dunes and ripples depend on how the

sediment flux and the fluid flow are interacting for these modes of transport.

2.1.7 The Shields number

Considering that a grain start to move when a driving force .4 1s equal to its apparent
weight, one can quantitatively define a criterion for the entrainment from the ratio Fy,.,/([ps —
plgd?), where p; is the density of grains, p is the fluid density, d is the grain diameter, and g is
the acceleration of gravity. The driving force is the hydrodynamic force exerted by the fluid on
a flat surface and it is dimensionally proportional to 7d?, 7 being the shear stress at the interface
between the grains and fluid. Therefore, the onset of particle motion and transport are controlled

by the dimensionless number, denominated Shields number (Shields, 1936), and defined by

= ——  —0O(Re,). 221
(ps — p)yd (Rex) (@21

The entrainment of grains as bed load takes place in the range 0.01 < 6 < 1; below there
is no transport and above there is transport by suspension (see Fig. 2.4). A schematic illustration
of the origin of the sediment-transport threshold at the grain scale is presented in Fig. 2.5, where
d is the grain diameter subject to the driving force Fy,.4, and P is the submerged weight of the

grain.

As we have seen, the entrainment threshold is controlled by the threshold Shields number
0:1,, which depends on the shear stress 7. The later is related to the fluid velocity at grain scale
u, by 7 = pu?. This parameter characterizes the flow and is known as the friction velocity or

shear velocity.
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Fig. 2.4: The Shields number 6;;, above which a flow can entrain grains of size d (adapted from
Dey & Ali (2018)).

p

Fig. 2.5: Sketch of the origin of the sediment-transport threshold at the scale of the grain (adap-
ted from Dey & Ali (2018)).

2.1.8 The saturated flux and saturation length

After a certain time, a steady flow acting on a sediment bed reaches the equilibrium
between the particle transport and the flow; it is characterized by a flux ¢ = ¢,,; denominated
saturated flux. In this state, there exists a balance between the particles deposited and particles
eroded from the bed (Andreotti et al., 2013). The process of saturation of the transport does

not occur instantly, but it requires a delay in time and space (Bagnold, 1941; Sauermann et al.,



36

2001; Andreotti et al., 2002a; Charru, 2006; Andreotti et al., 2013). Moreover, ¢, is controlled
by the local value of the shear stress 7. The delay scales of the flux correspond to the saturation
time and saturation length L, the first one is short compared with the time for bedform growth
time, and it is generally neglected. In one dimension and along the direction z, the differential

equation that links L, to @gq 1:

Lsata_ = {sat — 4. (222)
xr

Figure 2.6 presents schematically the behavior of the particle flux ¢ as a function of hori-

zontal distance x.

gh

(sat

-
P

A

>
Lsat X

Fig. 2.6: Particle flux as a function of space. The characteristic distance to reach the saturated
flux g 1s called saturation length L.

The empirical formula proposed by Meyer-Peter & Miiller (1948) can be used to deter-

mine the saturation flux in the case of bed-load transport:
Qsat ™ 8\[ ?ng(e - 9th)3/2, (223)

where 6y, is the threshold Shields number for setting the grains in motion. Charru & Hinch

(2006) proposed that the saturation transient is limited by the erosion and deposition mecha-
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nisms, and for the bed-load case, they found that saturation length can be calculated as

U

Lo o d, (2.24)

Ufall

where u, is the fluid velocity at the grain scale and u s, is settling velocity of a grain, however,

at least for the bed-load case L, has not been measured directly (Charru et al., 2013).

For saltation in air, the saturation transient is limited by grain inertia, thus L, scales with
the length needed for a grain accelerate and reach the wind velocity (Hersen, 2004; Claudin &

Andreotti, 2006; Andreotti et al., 2010; Charru et al., 2013). L,,; can be expressed as:

Luw o< 224, (2.25)
P

the saturation length, therefore, is proportional to an inertial length Lg4,,, and independent of
u,. The sand flux gets saturated after a distance scaling with Lg,.4, and only depends on the

grain inertia in the surrounding fluid.
2.1.9 Threshold velocity to move grains on the bed

A grain will set in motion only if the F},,, = 7d? is larger than its weight; then, there

exists a threshold velocity u, below which a bed of grains cannot be eroded by the fluid:

ug = Ay |2 8; P yd. (2.26)

For air, the coefficient A, experimentally determined, is equal to 0.1 and for water is found
to be around 0.2 (Bagnold, 1941; Andreotti et al., 2002a). Fluid velocity values higher than w,

cause that the grains start rolling at the surface, and some of them can take off the bed.
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2.2 Large eddy simulation

In large eddy simulation (LES), the larger scales, which can be three dimensional and
unsteady, are directly computed, whereas the small subgrid scales are modeled. LES is based
on the assumption that the small scales tend to be more isotropic than the large ones. Thus, it is
thought that it should be possible to parametrize them using simpler and more universal models

than standard Reynolds stress models.

LES is based on the methodology of applying a filtering procedure to the Navier-Stokes
equations; thus, the time and space dependence of the fluid motions are resolved down to some
defined length scale. The filtering process eliminates scales smaller than the prescribed length-
scale. The eliminated scales are called subgrid-scale (SGS) (see Pope (2000) for precise defini-

tions). Applying a filtering process into Egs. 2.1, one obtains the LES equations for incompres-

sible flows
U,
I 0,
81']‘
2.27)
ou; - oU; p orU;  or”
A § At Nl
P ( ot T ax]) 02,0 M 0w, ou,
the SGS stress tensor 7;7* is defined according to
7.0 =UU; = U; U, (2.28)

Ti‘z-gs is originated from the filtering process of the nonlinear terms U;U;. However, Eq. 2.28 is
unclosed since 7'%95 must be expressed in terms of features of the filtered (resolved) velocity

For the incompressible flows, eddy viscosity models based on the Boussinesq hypothesis
are employed. In such models, only the deviatoric part of the stress tensor is relevant since the

gradient of its trace may be absorbed into an effective pressure field. The subgrid-scale stress
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tensor is given as follows:

89S 1 89S Y
Tijg — ngl‘Z 6@‘ = —QMTS,‘]‘. (229)

Smagorinsky (1963) developed a subgrid-scale (SGS) stress model based on the assump-
tion of an eddy (turbulent) viscosity p7. In his model, it is assumed that the small scales are in
equilibrium, 1.e., the dissipation and the energy production are in balance. Equation 2.30 shows

the expression proposed by Smagorinsky (1963) for the eddy viscosity

pr = (CA)?|S), (2.30)

where the overbar denotes the grid filtering operation, C'; is the Smagorinsky constant, A is the
filter size, and | S| = 1/2S5;; S;; is the magnitude of the large-scale strain-rate tensor (Germano
et al., 1991), where S;; is defined as

N

. 1/0U, a7,
= '} 2.31
* 2<8xj+8a:z)’ ( 3 )

with U; being the large-scale velocity. A is proportional to the grid size, in this thesis the box
filter is employed, which is given by A = (Vcell)l/ 3, V..u representing the cell volume and the
filter size being taken as its cubic root. In some works, after Smagorinsky (1963), the coefficient
(s has been assumed as a constant value ranging between 0.1 and 0.3, or as a dynamical value

depending on the local flow conditions (Germano et al., 1991).

In wall-bounded flows, the classical Smagorinsky model has been found to not represent
the eddy viscosity up profile correctly. To recover the correct behavior of i near the wall,
there have been proposed some SGS models, from simple explicit damping to more elaborate
models. The Wall-Adapting Local Eddy-Viscosity, WALE, model (Nicoud & Ducros, 1999) has

been found to produce the correct profile of the eddy viscosity in the proximity of the wall at
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a low computational cost. WALE is one of the SGS models available in OpenFOAM; for its
excellent results for channel flows, it has been chosen to be used in this work. There is a vast
literature on the modeling of dune formation. An extensive literature review of the state-of-the-
art of the aspects involved in the morphology and dynamics of the barchans is undertaken in the

introduction sections of the next chapters.
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3 BIRTH OF A SUBAQUEOUS BARCHAN DUNE!

The present chapter reports the formation of subaqueous barchan dunes from initially
conical heaps in a rectangular channel. Because the most unique feature of a barchan dune
is its horns, we associate the time scale for the appearance of horns to the formation of a
barchan dune. A granular heap initially conical was placed on the bottom wall of a closed
conduit and it was entrained by a water flow in turbulent regime. Here, we demonstrate that,
after a certain time, horns appear and grow, until an equilibrium length is reached. Our results
show the existence of the time scales 0.51. and 2.51. for the appearance and equilibrium of
horns, respectively, where t. is a characteristic time that scales with the grains diameter, gravity

acceleration, densities of the fluid and grains, and shear and threshold velocities.

3.1 Introduction

Sand dunes are frequently found in both nature and industry, being present in deserts,
rivers (Bagnold, 1941), and petroleum pipelines (Schaflinger et al., 1995; Stevenson et al., 2001;
Al-Lababidi et al., 2012), for example. Those forms result from the transport of sand entrained
by a fluid flow and, depending on many factors, such as the flow direction, the strength of the
flow, the amount of available sand, and the sand cover, different kinds of dunes are observed.
When the fluid flow causes moderate shear stress on a granular bed, some grains are displaced
by rolling, sliding, or by small jumps maintaining contact with the fixed part of the bed. The
moving grains form then a mobile granular layer known as bed load. If it takes place over a
nonerodible ground or with limited sediment supply under a one-directional flow, they form
dunes of crescentic shape, known as barchan dunes (Bagnold, 1941; Herrmann & Sauermann,
2000; Hersen, 2004). Under those conditions, barchan dunes are strong attractors that can appear
in water and oil pipelines, on the bed of rivers and deserts, and on the surface of other planets
(Claudin & Andreotti, 2006; Parteli & Herrmann, 2007), for example. The main feature of a
barchan dune that differentiates it from other bedforms is its horns pointing downstream. For

this reason, the growing of a barchan dune from a granular heap can be related to the appearance

1 This chapter is based on C. A. Alvarez and E. M. Franklin, Phys. Rev. E. 96, 062906 (2017). (Alvarez &
Franklin, 2017a)
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and growing of horns.

Over the past few decades, many works were devoted to the equilibrium and minimum
size of barchan dunes (Sauermann er al., 2000; Hersen et al., 2002; Andreotti et al., 2002a;
Hersen et al., 2004; Hersen, 2004; Kroy et al., 2005; Parteli et al., 2007; Franklin & Charru,
2011; Kidanemariam & Uhlmann, 2017) and to instabilities giving rise to barchans (Kroy et al.,
2002b; Guignier et al., 2013; Parteli et al., 2011; Khosronejad & Sotiropoulos, 2017). These
works investigated the length, width, height, and horn scales, the ratios among them, their rela-
tion with the saturation length, and the celerity of barchans for both stable and evolving dunes.
The saturation length L, is the length for the stabilization of sand flux, i.e., it is the length
necessary for the sand flux to reach equilibrium conditions with a varying fluid flow (Andreotti
et al., 2002a; Charru et al., 2013). It has been argued that L., is proportional to an inertial
length in the aeolian case (Hersen et al., 2002; Sauermann et al., 2001), Loy = (ps/p)d,
and to a relaxation length in the aquatic case (Franklin & Charru, 2011; Charru et al., 2013;
Charru, 2006), Iy = (u./U)d or lpa; = (us/wusqu)d, where p is the fluid density, p; is the den-
sity of grains, d is the grain diameter, u, is the shear velocity, uy,y is the settling velocity of
one grain, and U 1is the cross-section mean velocity of the fluid. Pdhtz et al. (2013) derived a
theoretical expression for the saturation length that combines (p;/p), d and the fluid velocity.
Their expression, which is valid for both aeolian and subaqueous bed load, is in agreement with
experimental measurements varying (p,/p) over five orders of magnitude. On the other hand,
Claudin & Andreotti (2006) showed that the wavelength of dunes scales with L., over five
decades. Therefore, although the fluid flow conditions affect L,;, we consider in this study that

L sq¢ 1s proportional to Lyqg.

Among the studies devoted to the formation of a barchan dune from an initial heap or flat
bed, few investigated the behavior of the horns. One of them is Khosronejad & Sotiropoulos
(2017), which numerically investigated transverse waves propagating over the horns of already-
existing barchan dunes and giving rise to new barchans, and showed that the amplitude and
wavelength of transverse waves and generated barchans are related. However, none of them in-
vestigated the time evolution of growing horns from an initially conical heap. The evolution of
the horns for a single barchan dune from an initial conical pile can shed some light on the time

scales for the growth of individual barchans and then characterize the instant corresponding to
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the appearance of a barchan dune. This question, which has yet to be fully understood, is im-
portant to improve our knowledge on the formation of barchans under more complex scenarios,

such as sand bars, large sand fields, sand fields over complex topographies, etc.

3.2 Experimental setup and methods

The present experimental results on the formation of subaqueous barchan dunes from
conical heaps show the existence of characteristic times for the growth and equilibrium of
horns. The term equilibrium refers to the crescentic shape of barchan dunes, with horns pointing

downstream, which are characteristic of barchan dunes.

3.2.1 Experimental setup

The experimental device consisted of a water reservoir, two centrifugal pumps, a flow
straightener, a 5-m-long closed-conduit channel, a settling tank, and a return line. The flow
straightener was a divergent-convergent nozzle filled with d = 3 mm glass spheres, the function
of which was to homogenize the flow profile at the channel inlet. The channel had a rectangular
cross section (width = 160 mm and height 20 = 50 mm) and was made of transparent material.
The channel test section was 1 m long and started 40 hydraulic diameters (3 m) downstream
of the channel inlet; therefore, the turbulent flow was completely developed in the test section.
Figure 3.1 shows the layout of the experimental device. The grains were placed in the test
section, which was previously filled with water, and they settled forming a conical heap on the
channel bottom wall. Next, a water flow was imposed in the channel, and the heap deformed
into a barchan dune. With this procedure, each experiment concerns one single isolated dune.
The evolution of the dune was recorded with a charged coupled device (CCD) camera placed
above the channel and mounted on a traveling system. Figure 3.2 presents one example of top
view image, where the characteristic lengths of a barchan dune, namely its length L, width IV,
and horn length Lj, are shown. Because usually barchan dunes are slightly asymmetric, we
consider L, as the average of both horns. The fluid flow was measured with an electromagnetic

flow meter and a two-dimensional particle image velocimetry (2D-PIV) device.
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Fig. 3.1: Layout of the experimental device.
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Fig. 3.2: Top view of a barchan dune and its characteristic lengths: length L, width I/, and horn
length Ly,

In the tests, the cross-section mean velocities U were 0.234, 0.294, and 0.333 m/s, corres-
ponding to Reynolds numbers based on the channel height Re = pU25/u of 1.16 x10%, 1.47
x10%, and 1.67 x10%, respectively, where 1 is the dynamic viscosity of the fluid. The employed
fluid was tap water at temperatures within 24 and 26 °C, and the employed grains were round
glass beads (p, = 2500 kg/m?® and bulk density of 1500 kg/m?) with 0.25 mm < d < 0.50
mm and 0.40 mm < d < 0.60 mm, angular glass beads with 0.21 mm < d < 0.30 mm,

and round zirconium beads (p; = 4100 kg/m?® and bulk density of 2400 kg/m?®) with 0.40 mm



Table 3.1: Different tested conditions: p,/p, state of the grains surface, d, Re, Re,, 0, and the

total mass of each heap.

Condition | ps/p | Surface d Re Re, | 6 | mass
(mm) e ] (@
a 25 | round | 025-0.50 | 1.16 x 10 | 5 ]0.04 | 10.5
b 2.5 round | 0.25-0.50 | 1.47 x 10* | 7 | 0.06 | 10.5
c 2.5 round | 0.25-0.50 | 1.67 x 10* | 7 | 0.07 | 10.5
d 2.5 round | 0.40-0.60 | 1.16 x 10* | 7 | 0.03 | 10.5
e 2.5 round | 0.40-0.60 | 1.47 x 10* | 9 | 0.04 | 10.5
f 2.5 round | 0.40-0.60 | 1.67 x 10* | 10 | 0.05 | 10.5
g 2.5 | angular | 021-0.30 | 1.16 x 10* | 2 [ 0.09 | 10.5
h 2.5 | angular | 0.21-0.30 | 1.47 x 10* | 3 ]0.13 | 10.5
i 2.5 | angular | 0.21-0.30 | 1.67 x 10* | 3 | 0.16 | 10.5
] 4.1 round | 0.40-0.60 | 1.47 x 10* | 9 | 0.02 | 10.5
k 4.1 round | 0.40-0.60 | 1.67 x 10* | 10 | 0.03 | 10.5
1 4.1 round | 0.40-0.60 | 1.47 x 10* | 9 | 0.02 | 16.5
m 4.1 round | 0.40-0.60 | 1.67 x 10* | 10 | 0.03 | 16.5
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< d < 0.60 mm (see Appendix A for the images of the scanning electron microscopy of the
used beads). The shear velocities on the channel walls were computed from the velocity profi-
les acquired by the PIV device and were found to follow the Blasius correlation (Schlichting,
2000). They correspond to 0.0143, 0.0177, and 0.0195 m/s for the two flow rates employed.
The initial heaps were formed with 10.5 g of glass beads, and with 16.5 g and 10.5 g of zirco-
nium beads, corresponding to initial volumes of 7.0, 6.9, and 4.4 cm3, respectively. Table 3.1
presents the parameters of different flow and grains used in the experiments. For each of the
conditions listed, between two and four test runs were performed and are shown next. In this
table, two additional parameters are presented, the particle Reynolds number, Re, = pu.d/u,
and the Shields number, § = (pu?)/[(ps — p)gd], where g is the acceleration of gravity. The
particle Reynolds number is the Reynolds number at the grain scale, and the Shields number is
the ratio between the entraining force, which is given by the drag caused by the fluid on each

grain, and the resisting force, given by the weight of each grain.
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3.3 Results and discussion

3.3.1 Width and length measurements

With the conical heap in the channel, the water flow was imposed at a constant rate. Be-
fore being displaced over a measurable distance, the pile was deformed and adopted a crescentic
shape as shown in Fig. 3.3. In all cases, a slip face was formed. Although far from the threshold
for incipient motion of grains (¢ > 0.03), barchan dunes have robust ratios among their length
L, width W, and height h both for the aeolian and subaqueous cases (Hersen et al., 2002), we
found that the ratio W/ L may diverge close to incipient bed load conditions (0.02 < 6 < 0.03).
From Figs. 3.3(b) and 3.3(c), we note the differences in the 1¥/ L ratios during the development
of barchan dunes under different flow conditions. The larger values of W/ L close to threshold
conditions persist when barchans have reached equilibrium. As shown in Fig. 3.4, which pre-
sents the time evolution of W/ L, the dunes consisting of 0.40 mm < d < 0.60 mm zirconium
beads under Re = 1.47 x10* (cases j and 1 of Table 3.1) have W/ L values around twice the
values presented by dunes farther from the threshold. The cases listed in the key are presented
in Table 3.1 (see Appendix A for W/L versus time of all the test runs). In Fig. 3.4, the time
was normalized by a characteristic time ¢. computed as the length of the bedform divided by its
celerity C, the latter obtained from the flux rate of grains, ¢, divided by L,; Claudin & Andre-
otti (2006). Because we are interested in subaqueous barchans, we considered ¢ given by the
Meyer-Peter & Miiller (1948) equation, and L, o< Lgyqq. In this manner, ¢, is a characteristic

time for the displacement of barchans, computed by Eq. 3.1,

. Leq _ Leq(ps/p) (ps/p3/—2 1)9d7 (3.1)
C (u2 — up,)

where uy, is the fluid threshold velocity for incipient motion of grains, L., is the barchan length
at equilibrium, and g is the acceleration of gravity. The threshold velocity was computed in
accordance to Andreotti ef al. (2002a). In this way, the commonly reported value W/L ~ 1
(Hersen et al., 2002; Franklin & Charru, 2011) is not a good indication of the formation and

equilibrium of a barchan dune close to threshold conditions [see Fig. 3.3(c)]. As noted by Kroy
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10 mm
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Fig. 3.3: Top views of initially conical heaps deformed by the water flow at different times; the
water flow is from left to right. (a) Re = 1.47 x10?, p, = 2500 kg/m?3, and 0.40 mm < d < 0.60
mm. (b) Re = 1.67 x10%, p, = 4100 kg/m?, and 0.40 mm < d < 0.60 mm. (c) Re = 1.47 x10%,
ps =4100 kg/m3, and 0.40 mm < d < 0.60 mm.
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Fig. 3.4: W/ L versus t/t. for different flow conditions and solid particles. The cases listed in the
key are presented in Table 3.1. This figure shows every n measurements for each experimental
condition, where 5 < n < 15.
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& Guo (2004), there is evidence that the scale invariance of barchan dunes is broken in the

longitudinal direction and, in order to test similarity and scaling laws, the longitudinal scales

shall be addressed.
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Fig. 3.5: (a) L versus t/t. and (b) W versus t /t, for different flow conditions and solid particles.
The cases listed in the key are presented in Table 3.1. This figure shows every n measurements

for each experimental condition, where 5 < n < 15.

Figures 3.5(a) and 3.5(b) present the time evolutions of the length and width of dunes,

L and W versus t/t., respectively, for different flow conditions and solid particles. The cases

listed in the key are presented in Table 3.1 (see Appendix A for L and W versus time of all
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the test runs). From Fig. 3.5(a), we observe different behaviors from the initial piles, with the

heaps consisting of heavier zirconium beads decreasing over time while those of glass beads

remain constant or increase slightly. The time scales to attain the crescentic shape are very

different, being around 2.5t for the glass beads and 6.0¢. for the zirconium beads. In the case

of W, Fig. 3.5(b) shows that for the different grains and flow conditions the behavior is distinct

and a specific timescale cannot be determined. Although close to threshold W/ L diverges and

equilibrium times based on L and W are very different, in all cases the conical pile evolves to

a crescentic shape with the growing of horns. Therefore, we investigate the time evolution of

horns in order to determine when a barchan dune appears and when it reaches equilibrium. In

the next section, we address the study of the horns.
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Fig. 3.6: L,/ Lgyqq versus t/t. for glass beads under different flow conditions over the entire
duration of test runs. This figure shows every n measurements for each experimental condition,
where 5 < n < 15. The cases (a) to (i) are summarized in Table 3.1, and each different symbol
in each graphic corresponds to a different test run.
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3.3.2 Horn length measurements

Figures 3.6 to 3.9 present the time evolution of horns for different flow conditions and
solid particles. The cases (a) to (m) are summarized in Table 3.1, and each different symbol in
each graphic correspond to a different test run. Figures 3.6 and 3.8 present L,/ Ly, versus t/t.
over the entire duration of test runs and Figs. 3.7 and 3.9 present L,/ Lg,q, versus t/t. from the

beginning of test runs until 1.5%..
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Fig. 3.7: Detail for 0 < t/t. < 1.5 of Lj,/L4qq versus t/t. for glass beads under different flow
conditions. This figure shows every measurement points within this time interval. The cases (a)
to (i) are summarized in Table 3.1, and each different symbol in each graphic corresponds to a
different test run

By using L4, as the characteristic length, Lj,/L4q, > 1 is the minimum condition to
search for the presence of a horn. For the present experiments, 2.5d < Lg,q, < 4.1d, and, by

considering a particle fraction of 50%, L;,/ Lg4,q, > 1 corresponds to structures consisting of 15
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to 66 grains as the minimum structures forming a horn. In that case, the appearance of horns,
and then the birth of a barchan from the initially conical heap, occurs at t/t. ~ 0.5. From this
moment, the horns continue to grow until ¢/¢. ~ 2.5, when they reach an equilibrium length.

This is the instant when the barchan reaches its characteristic crescentic shape.
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Fig. 3.8: L/ Lgyqy versus t/t. for zirconium beads under different flow conditions over the
entire duration of test runs. This figure shows every n measurements for each experimental
condition, where 5 < n < 15. The cases (j) to (m) are summarized in Table 3.1, and each
different symbol in each graphic corresponds to a different test run.

3.4 Chapter summary

In conclusion, the rise and equilibrium of a barchan dune is well described by the growing
of its horns. From Figs. 3.6 to 3.9, we note that the time evolution of horns on a single dune
presents a similar behavior in all cases, with the beginning of growth and the equilibrium shape

occurring at the normalized times of approximately 0.5 and 2.5, respectively. Therefore, we pro-



Lh /Ldm_q

L/L/Ldr‘ag

o
OQP ]

%Q%OAA

A%A

0 0.5

1.5

1.5

52

1.5

1.5

Fig. 3.9: Detail for 0 < ¢/t. < 1.5 of L,/ Lgyq4 versus t/t. for zirconium beads under different
flow conditions. This figure shows every measurement points within this time interval. The cases
(j) to (m) are summarized in Table 3.1, and each different symbol in each graphic corresponds

to a different test run.

pose that the characteristic time given by Eq. 3.1 is the time scale for the beginning and growing

of single barchan dunes. This time scale, obtained for single dunes under controlled conditions,

is important to increase our knowledge about the formation of barchan dunes under more com-

plex scenarios such as sand bars, large sand fields, sand fields over complex topographies, etc.
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4 HORNS OF SUBAQUEOUS BARCHAN DUNES: A STUDY AT THE
GRAIN SCALE'

The present chapter reports measurements of the growth of horns at the grain scale. We
identified the trajectories of the grains that migrated to the horns and found that most of them
came from upstream regions, with an average displacement of the order of the bedform size. In
addition, we show that individual grains had transverse displacements by rolling and sliding
that are not negligible, with many of them going around the dune. Finally, for these grains, we
demonstrate that the distributions of transverse and streamwise components of velocities are
well described by exponential functions, with the probability density functions of their magni-
tudes being similar to results obtained from previous studies on flat beds. Our results provide

new insights into the physical mechanisms underlying the shape of barchan dunes.

4.1 Introduction

Sand dunes are the result of complex physical interactions between a fluid flow and an ex-
tended area of sand (Bagnold, 1941; Hersen et al., 2002), their shape and dynamics depending
on certain conditions such as the direction and strength of the flow and the available amount of
sand. Under one-directional fluid flow with moderate shear stresses, so that bed load is the main
mode of sand transport, barchans grow (Bagnold, 1941; Herrmann & Sauermann, 2000; Hersen,
2004). Barchan dunes are characterized by their crescentic shape with horns pointing downs-
tream, and are frequently found in both nature and industry, some examples being barchans
found in deserts, rivers, and petroleum pipelines, and even on the surface of Mars (Claudin &
Andreotti, 2006; Parteli & Herrmann, 2007). Because of their robust shape on considerably dif-
ferent scales and the large number of environments where they are found, barchan dunes have
been studied over the last century by a great number of scientists attracted by the problem.
To list but a few examples: Bagnold (1941), Herrmann & Sauermann (2000), Sauermann et al.
(2001), Hersen et al. (2002), Andreotti et al. (2002a,b), Kroy et al. (2002a,b), Kroy et al. (2005),
Groh et al. (2008), Franklin & Charru (2011), Lidmmel et al. (2012), Parteli et al. (2014), Khos-

1 This chapter is based on C. A. Alvarez and E. M. Franklin, Phys. Rev. Lett. 121, 164503 (2018), and on C.
A. Alvarez and E. M. Franklin, Phys. Rev. E 100, 042904 (2019). (Alvarez & Franklin, 2018b, 2019)
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ronejad & Sotiropoulos (2017), Alvarez & Franklin (2017a, 2018a,b, 2019), Wang & Anderson
(2018), and Gadal et al. (2019) have investigated the problem analytically, experimentally, or
numerically. However, given the high complexity of grain-fluid interactions and the different
scales involved, the problem is still open and several aspects need to be understood before a

complete understanding is achieved.

Previous analytical studies, based on mechanistic approaches and stability analyses, incre-
ased our understanding of the growth and dynamics of barchan dunes, explaining, for example,
the dependence of the barchan velocity on the inverse of its size (Bagnold, 1941) and that the
fluid flow is the unstable mechanism for the growth of dunes (Engelund, 1970; Engelund &
Fredsoe, 1982). Experimental data showed, among other things, that, indeed, these conclusions
are true (Hersen et al., 2002; Andreotti et al., 2002a,b; Elbelrhiti et al., 2005). However, despite
the large number of experimental works available, only a few of them have presented measu-
rements at the grain scale (Alvarez & Franklin, 2018b, 2019). Numerical works, for the great
part, have used information from analytical and experimental studies to model granular matter
as a continuum medium in order to allow the simulation of real dunes consisting of a large
number of grains (Sauermann et al., 2001; Herrmann & Sauermann, 2000; Kroy et al., 2002a,b,
2005; Schwimmle & Herrmann, 2005; Parteli et al., 2014). In those continuum models, given
the lack of experimental measurements at the grain scale, the flow of grains is supposed to be
mainly longitudinal, with some lateral diffusion. Although some recent numerical studies simu-
late the grains as a discrete medium by using, for example, the discrete element method (DEM)
(Kidanemariam & Uhlmann, 2017), continuum models are still important to simulate large bar-
chan fields, for which the number of grains does not allow discrete simulations at present. In
continuum models, information such as typical trajectories and characteristic lengths and times
are essential to fit adjustable constants. In the case of simulations employing the discrete ele-
ment method, they are computationally expensive and comparisons with experiments are still

necessary to validate their results.

Concerning the horns, there is a small number of studies devoted to their growth and
stability. Khosronejad & Sotiropoulos (2017) presented a numerical investigation of the instabi-
lities on the surface of horns of existing barchans. They found that transverse waves propagating

over the horns give rise to new barchans, and that their amplitudes and wavelengths are related.
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Hersen (2004), and Schwimmle & Herrmann (2005) investigated numerically the formation of
aeolian barchans from different initial shapes using continuum models, in which lateral diffu-
sion was included to account for part of the transverse displacements of grains. According to
Hersen (2004), the physical origin of the lateral diffusion included in these models is reptation
caused by the impact of salting grains. In particular, Hersen (2004) proposed that aeolian bar-
chans can be modeled as longitudinal two-dimensional slices that exchange mass among them
mainly by lateral diffusion, but also by air entrainment and slope effects. Within this picture,
the celerity of each slice varying with the inverse of its size (Bagnold, 1941; Kroy et al., 2002b;
Andreotti et al., 2002a), horns grow mainly with grains originally in the lateral flanks of the
initial heap. Although this description is generally accepted for aeolian dunes, it has never been
experimentally verified in the aeolian case. In the subaqueous case, Alvarez & Franklin (2018b)
showed a different picture, described in the next paragraph. In the Chapter 3, we showed that
horns grow from an initial instant, given by 0.5¢., until they reach a final length at 2.5¢., where ¢,
is a characteristic time for the displacement of barchans, computed as the length of the bedform

divided by its celerity.

Few experimental measurements at the grain scale are reported for subaqueous bed load.
For plane granular beds, Seizilles ef al. (2014) investigated bed load under laminar flows; and
Lajeunesse et al. (2010), and Penteado & Franklin (2016) investigated the turbulent case. As
common results, these works showed that the displacements of individual grains are intermittent
and that distributions of grain velocities can be adjusted by exponential functions. Lajeunesse
et al. (2010), and Penteado & Franklin (2016) showed that the streamwise velocities scale with
the excess of shear stress, and that transverse velocities are distributed around a zero mean
value. Seizilles et al. (2014) proposed that transverse displacements on flat beds are caused
by a Fickian diffusion mechanism with a characteristic length of 0.030d, where d is the mean
grain diameter. In a recent paper (Alvarez & Franklin, 2018b), we investigated experimentally
bed load during the growth of barchans from initial piles of conical shape. We measured the
trajectories of grains migrating to the growing horns and showed that most of them came from
upstream regions on the periphery of the initial pile, with transverse displacements by rolling
and sliding that were considerable. This evidence diverges from the general description for
aeolian dunes, where transverse displacements are due mainly to the diffusive effect of reptons,

and therefore, horns are expected to grow mainly with grains originally in the lateral flanks of
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the initially conical pile.

Figure 4.1 shows top views of an initially conical heap deformed into a crescentic shape
by the water flow, where R is the radius of the initial pile. It was defined as the maximum radius
with origin at the centroid and that does not contain void regions. The experimental conditions

and times are described in the figure caption.

Fig. 4.1: Top views of an initially conical heap deformed by the water flow at different times
(shown below each frame). The water flow is from left to right, R is the radius of the initial pile,
and black spots are the tracers. Re = 1.82 x10* and the heap initial mass was 6.2 g.

In this chapter, we present a thorough investigation of the trajectories of grains going to
horns of subaqueous barchans. In the present experiments, subaqueous dunes were formed from
initial piles of conical shape, and we measured the trajectories of grains going to horns for the
cases of both evolving dunes (growing horns), 0.5t, < ¢t < 2.5¢., and developed dunes (stable
horns), ¢ > 2.5t.. The present results show that the general assertions for aeolian dunes that
horns grow and are sustained mainly by grains originally in the transverse extremities of the
bedform do not apply for subaqueous barchans. Furthermore, we show that the distributions
of transverse and streamwise components of grain velocities are well described by exponential
functions, and we find the typical residence time and traveled distance of moving grains whose
initial positions were on the horns. Our results change the way in which horns formation and

stability and bed load are explained for subaqueous barchans.

4.2 Experimental setup and methods

We used the same experimental device presented in the Chapter 3, which consisted basi-
cally of a water reservoir, centrifugal pumps, a 5-m-long closed-conduit channel, a settling tank,

and a return line. The channel, made of transparent material, had a rectangular cross section 160
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mm wide by 50 mm high (20 = 50 mm), and the test section started 3 m (40 hydraulic diameters)
downstream of the channel entrance. Prior to each test, with the channel previously filled with
water, controlled grains were poured into the test section, forming a single conical pile at the
bottom wall. Afterward, for each test run, a turbulent water flow was imposed, deforming the
conical pile into a barchan dune. With this procedure, each experiment concerned one single
barchan that loosed grains by its horns, decreasing slowly in size while migrating. Figure 4.2(a)
presents a photograph of the experimental setup displaying, among other elements, the test sec-
tion and the initial pile. Figure 4.2(b) shows a top view of an initially conical heap, where R is

the radius of the initial pile, and 7 is the initial position of the pile centroid.

The tests were performed with tap water at temperatures between 24 and 26 °C and round
glass beads (density of grains p, = 2500 kg/m? and bulk density of 1500 kg/m?) with 0.15
mm < d < 0.25 mm and 0.40 mm < d < 0.60 mm. In order to facilitate the tracking of
moving grains, 2% of them were tracers (grains of different color but the same density, diameter,
and surface characteristics as the other grains). The cross-sectional mean velocities of water U
were 0.243, 0.294, and 0.364 m/s, corresponding to Reynolds numbers based on the channel
height Re = pU2§/u of 1.21 x 10%, 1.47 x 10%, and 1.82 x 10%, respectively, where p is the
density and p the dynamic viscosity of the fluid. The shear velocities on the channel walls
u, were computed from the velocity profiles measured with a two-dimensional particle image
velocimetry device (2D-PIV), and were found to follow the Blasius correlation (Schlichting,
2000). Using the hydraulic diameter of the channel, they correspond to 0.0141, 0.0168, and
0.0202 m/s for the three flow rates employed. The initial heaps were formed with 6.2 and 10.3
g of glass beads, corresponding to initial volumes of 4.1 and 6.9 cm?, and to R values of 2.6

and 3.2 cm, respectively.

Table 4.1 summarizes the tested conditions, for which we performed between three and
five independent runs for each experimental condition. In Table 4.1, the column dune condition
refers to whether the measurements concern an evolving or a developed barchan. The table lists
also the mass of the initial pile m,, the grain diameter d, the channel Reynolds number Re, the

Reynolds number at the grain scale Re, = pu.d/u, and the Shields number 6 = (pu?)/[(ps —
p)gd.
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high-speed
camera —

(a)

Fig. 4.2: Experimental setup, definition of geometrical parameters, and particle detection. (a)
Photograph of the experimental setup showing the test section, high-speed camera, traveling
system, light-emitting diode lights, and grains placed on the bottom wall of the channel. (b) Top
view of an initially conical heap of radius R at time ¢=0 s, where 7 is the initial position of the
pile centroid and black spots are tracers. (c) Top-view image of a dune in gray scale showing
the tracers. Flow is from top to bottom. (d) Example of a treated image showing the detected
particles. Red circles are surrounding the tracers identified in (c), and the asterisk corresponds
to the instantaneous position of the dune centroid. Re = 1.82 x 10* and the heap initial mass
was 6.2 g.

A high-speed camera of complementary metal-oxide-semiconductor type (CMOS) was
placed above the channel to record the bed evolution [Fig. 4.2(a)]. We used a camera with a
spatial resolution of 1280 x 1024 px at frequencies up to 1000 Hz, controlled by a computer.
In our tests, we set the frequency to values within 50 and 200 Hz, depending on the average

velocity of grains, and we used a lens of 60-mm focal distance and F2.8 maximum aperture.
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Table 4.1: Label of tested cases, grain diameter d, dune condition during measurements, channel
Reynolds number Re, Reynolds number at the grain scale Re,, Shields number 6, and mass of
the initial heap my.

Case d Dune condition Re Re, 0 mo
(mm) )

a [0.15-0.25 Evolving 1.21 x 10* | 3 |0.07| 6.2
b |0.15-0.25 Evolving 147 x10* | 3 |[0.10| 6.2
¢ |0.15-0.25 Evolving 1.82 x 10* | 4 [0.14| 6.2
d |040-0.60 Evolving 1.21 x 10| 7 [0.03| 6.2
e | 0.40-0.60 Evolving 1.47 x 10* | 8 |0.04 | 6.2
f 10.40-0.60 Evolving 1.82 x 10* | 10 | 0.06 | 6.2
g |040-0.60 Evolving 1.21 x 10* | 7 |0.03]10.3
h | 0.40-0.60 Evolving 1.47 x 10* | 8 | 0.04 | 10.3
i |040-0.60 Evolving 1.82 x 10* | 10 | 0.06 | 10.3
] 0.15-0.25 Developed 1.21 x 10* | 3 [0.07 | 6.2
k [0.15-0.25 Developed 147 x10* | 3 [0.10| 6.2
1 ]0.15-0.25 Developed 1.82 x 108 | 4 |0.14| 6.2
m | 0.40-0.60 Developed 1.21 x 10* | 7 |0.03| 6.2
n | 0.40-0.60 Developed 1.47 x 10* | 8 |0.04 | 6.2
o |0.40-0.60 Developed 1.82 x 10* | 10 | 0.06 | 6.2
p | 0.40-0.60 Developed 1.21 x 10* | 7 |0.03 | 10.3
q | 040-0.60 | Developed 1.47 x 10* | 8 | 0.04 | 10.3
r | 0.40-0.60 Developed 1.82 x 10* | 10 | 0.06 | 10.3

Lamps of light-emitting diodes were branched to a continuous current source in order to supply
the required light while avoiding beating between the camera and the light frequencies. Prior
to the beginning of tests, a calibration procedure which consisted of taking one picture from
a scale placed in the channel (filled with water) was performed, allowing the conversion from
pixels to a physical system of units. We set the region of interest to 800 px x 1024 px to better
fit a field of view of 80.0 mm x 102.4 mm; therefore, the area covered by each grain in the
acquired images varied within 2 to 28 px. Once the images were obtained, the centroids of
tracers and those of barchans were identified [Figs. 4.2(c), 4.2(d)] with an image processing
code written in the course of this work based on Alvarez (2016); Alvarez & Franklin (2017b)
and Kelley & Ouellette (2011). To compute the trajectories of tracers, the code uses a particle

tracking velocimetry approach (PTV) that follows each centroid along time.
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4.3 Results and discussion

4.3.1 Pathlines of migrating grains

Figure 4.3(a) shows the pathlines of moving tracers during the growth of a barchan dune
from an initial conical pile consisting of 0.15 mm < d < 0.25 mm glass beads. The initial
mass of the pile, m, was 6.2 g, which corresponded to R = 2.6 cm. The abscissa and ordinate
correspond, respectively, to the transverse and streamwise coordinates, x and y, normalized by
R. In Fig. 4.3, the dashed black circle displays the initial pile and the color of pathlines varies
according to the position of the pile centroid, which moves while the barchan grows. In this way,
the blue (upper) and red (lower) pathlines correspond to the initial and final positions of the pile
centroid, respectively, the scaling bar showing the values of r. — 7y normalized by R, where 7.
is the instantaneous position of the pile centroid and 7 the initial one (see Appendix B for some
trajectories superposed with a photograph of the barchan). Figure 4.3(b) shows the pathlines of
the tracers that migrated to horns during their growth (see Appendix B for trajectories of other

test runs concerning the 0.15 mm < d < 0.25 mm beads).

Figure 4.4(a) shows the pathlines of moving tracers during the growth of a barchan dune
from an initial conical pile consisting of 0.40 mm < d < 0.60 mm glass beads. The initial mass
of the pile, mg, was 6.2 g, which corresponded to R = 2.6 cm. Figure 4.4(b) shows the pathlines
of the tracers that migrated to horns during their growth (see Appendix B for trajectories of other
test runs concerning the 0.40 mm < d < 0.60 mm beads). From Figs. 4.3 and 4.4 we note that
grains experience significant transverse displacements, many of them describing circular paths
while migrating toward the horns. It is noticeable that a significant part of grains going to horns

was originally in the upstream region of the pile periphery.

In addition to evolving barchans, we address the dynamics of grains migrating to horns
after the dune has reached its crescentic shape. For that, we identified and tracked the tracers
from the moment the dune centroid reached a coordinate 1.0/2 downstream of its origin, which
means that the dune had migrated a distance equivalent to its size, and therefore, all grains

within the dune had been displaced.
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Fig. 4.3: Pathlines of tracers over an evolving dune made of 0.15 mm < d < 0.25 mm glass
beads. (a) All moving tracers during the growth of a barchan dune. (b) Tracers that migrated to
horns during the growth of the barchan dune. The dashed black circle represents the initial pile
of radius R, and the scaling bar shows the values of r. — ry normalized by R. Water flow is from
top to bottom, Re = 1.82 x 104, my =6.2 g,and R =2.6 cm.
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Fig. 4.4: Pathlines of tracers over an evolving dune made of 0.40 mm < d < 0.60 mm glass
beads. (a) All moving tracers during the growth of a barchan dune. (b) Tracers that migrated to
horns during the growth of the barchan dune. The dashed black circle represents the initial pile
of radius R, and the scaling bar shows the values of r. —ry normalized by . Water flow is from
top to bottom, Re = 1.82 x10*, my=6.2 g, and R = 2.6 cm.
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Fig. 4.5: Pathlines of tracers over a developed dune made of 0.15 mm < d < 0.25 mm glass
beads. (a) All moving tracers over the barchan dune. (b) Tracers that migrated to the barchan
horns. The dashed black circle represents the initial pile of radius R, and the scaling bar shows
the values of 7, — ry normalized by R. Water flow is from top to bottom, Re = 1.82 x10%, m =
6.2 g,and R =2.6 cm.
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Fig. 4.6: Pathlines of tracers over a developed dune made of 0.40 mm < d < 0.60 mm glass
beads. a) All moving tracers over the barchan dune. b) Tracers that migrated to the barchan
horns. The dashed black circle represents the initial pile of radius R, and the scaling bar shows
the values of 7, — ry normalized by R. Water flow is from top to bottom, Re = 1.47 x10%, m =
6.2 g,and R =2.6 cm.



65

Figure 4.5 shows the pathlines of moving tracers over a grown barchan consisting of 0.15
mm < d < 0.25 mm glass beads. In this figure, my = 6.2 g, which corresponds to R = 2.6 cm,
and the colors and legends are the same as in Fig. 4.3. Figure 4.5(a) presents the pathlines of all
moving tracers, while Fig. 4.5(b) presents the pathlines of traces migrating to the horns. Figure
4.6 shows the developed case for my = 6.2 g, 0.40 mm < d < 0.60 mm, and Re = 1.47 x10%,

and the pathlines of the other test runs are available in the Appendix B.

In Figs. 4.5 and 4.6 we observe a behavior similar to that observed for growing barchans,
i.e., many of the moving grains describe circular paths while migrating toward the horns, which
implies local transverse components that are significant. These grains come from regions ups-
tream of the dune centroid, moving around the central region of the barchan before reaching the
horns. We note also small asymmetries in Figs. 4.5 and 4.6, which are due to dispersions in our

experiments.

We compare next the mean distance L., traveled by tracers migrating to horns in the
evolving and developed cases. The mean distance was obtained by computing the total distance
traveled by each tracer that migrated to the horns, and then taking the arithmetic mean for each

tested case. By considering the cases listed in Table 4.1, we found for the evolving barchans

14 < Lunean/ Larag < 30 (4.1)

for the 6.2-g piles and

18 < Lunean/ Larag < 22 (4.2)

for the 10.3-g piles, while for the developed barchans we found

14 < Liean/Larag < 28 4.3)
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for the 6.2-g piles and

22 < Lynean/ Larag < 30 4.4)

for the 10.3-g piles, where Ly, = (ps/p)d is an inertial length scaling with the length for sand
flux saturation (Hersen et al., 2002). The normalized traveled distances are similar for both
evolving and developed barchans, corroborating the similar behavior observed from pathlines
plotted in Figs. 4.3 to 4.6 and in the Appendix B. Their values are three orders of magnitude

greater than the diffusion length ¢, proposed by Seizilles et al. (2014) ({4/ Larag =~ 0.01).
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Fig. 4.7: PDFs of the total (a) transverse and (b) longitudinal distances, A, and A, respectively,
normalized by Lg,,, for case q in Table 4.1. Dashed blue lines correspond to grains that migrated
to the horns and solid red lines to all other grains.

We computed also the total transverse (A,) and longitudinal (A,) distances traveled by
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the tracers that migrated to horns as well as by the other tracers, in both the evolving and the
developed cases. Probability density functions (PDFs) in Figs. 4.7(a) and 4.7(b) show, respec-
tively, A,/ Larag and A,/ Lg,q, for case q in Table 4.1, where the dashed blue lines correspond
to the grains that migrated to the horns, and solid red lines to all the other grains. We observe
a significant transverse component in the movement of grains, with higher values for grains
migrating to horns in comparison to the others. By considering the most probable values of
distributions for the cases listed in Table 4.1, we found 10 < A, /Ly, < 12 for the grains
migrating to horns, three orders of magnitude greater than the diffusion length ¢, proposed by
Seizilles et al. (2014), and 6 < A, /Ly, < 8 for all the other grains. We found also that the
ratio between the transverse and the longitudinal distances, A, /A,, is around 0.5 for the grains
migrating to horns and 0.4 for all the other grains. These values corroborate the importance of

transverse movements in the subaqueous case.

4.3.2 Origin of grains migrating to horns

A suitable method for identifying the locations whence the grains migrate to the horns is
the use of radial and angular coordinates with the origin at the dune centroid. For this, we identi-
fied the initial position of each tracer that migrated to the horns in polar coordinates (|71 —7|, ¢),
where 7 is the initial position of the tracer, 7. is the instantaneous position of the dune centroid,
and ¢ is the angle with respect to the transverse direction. With the initial positions, we compu-

ted the probability density functions and frequencies of occurrence for all tested conditions.

Figure 4.8 shows the probability density functions of the initial position of grains migra-
ting to horns as functions of the normalized radial position |r; — .|/ R and Fig. 4.9 shows their
frequencies of occurrence with respect to the transverse direction, for all tested conditions listed
in Table 4.1, corresponding then to both evolving and developed barchans. For cases j to r, the
centroid position is as shown in Fig. 4.2(d), while for cases a to i, the centroid is originally the
center of the initial circle (horizontal projection of the initial pile), with small relative changes
from the beginning to the end of the tests as the bedform evolves. The PDFs were computed
using a kernel smoothing function (Bowman & Azzalini, 1997) in Fig. 4.8 and the water flow

direction is 270° in Fig. 4.9.



68

Fig. 4.8: PDFs of the original position of the tracers that migrated to horns for both evolving
and developed dunes. Cases listed in the key are presented in Table 4.1.

Regardless of the dune condition (evolving or developed), initial mass of the pile, grain
size, and water flow rate, many of the grains going to horns come from upstream regions on the

ry—re]/R>1and 15° < ¢ <70°and 120° < ¢ < 170°. We

periphery of the pile or dune,

note that asymmetries in the plots in Fig. 4.9 are due to dispersions in our experiments.

Figure 4.9 shows that some of the grains migrating to horns have their origin at the lateral
flanks (¢ =~ 0° and ¢ =~ 180°), with lower frequencies of occurrence, however, than grains
that originate at upstream positions. Another portion of the grains that were originally at the
lateral flanks is carried away downstream from the dune by the water flow, as can be seen in the
movies available in the Supplemental Material of Alvarez & Franklin (2019). We note also in
these movies a region consisting of a monolayer of grains on the periphery of the bedform, with
the exceptions of the lee side and inner part of the horns. Because most of the grains migrating
to horns come from upstream regions on the periphery of the dune, many of them thus come

from the monolayer region.

Based on the present data, we can conclude that, within the range of parameters of the
present study, grains going to the horns of both evolving and developed subaqueous barchans
describe circular paths while moving by rolling and sliding. This is different from the picture

reported for the aeolian case, where the bed load is characterized by salting grains that effec-
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Fig. 4.9: Frequencies of occurrence of the initial position of tracers migrating to the horns as a
function of the angle with respect to the transverse direction. The water flow direction is 270°.
The tips of horns point to angles of approximately 240° and 300°. All cases listed in Table 4.1

are shown.

tuate ballistic flights in the wind direction, impacting in many instances onto the dune surface

(Hersen, 2004; Schwiammle & Herrmann, 2005; Andreotti et al., 2006). In the aeolian case,

horns would form from grains originating at the lateral flanks of the initial pile and, thereafter,

would be maintained by grains coming from the lateral flanks of the developed barchan, but
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trajectories of grains and horns formation in the aeolian case remain to be investigated.

4.3.3 Velocity distributions of grains migrating to horns

We computed the instantaneous transverse and streamwise velocities, V,, and V;, for all
tracers that migrated to the horns. The velocities were computed by time differentiation of
trajectories, based on algorithms described in Kelley & Ouellette (2011). The number of moving
particles varies with the water flow rate and the inverse of the grain diameter; therefore, the
statistics for 6 = 0.14 take into account a larger number of grains than those for smaller values
of #. However, the velocity distributions that we obtained showed the same behavior for all

tested conditions.

Figures 4.10(a) and 4.10(b) present PDFs of the transverse velocities of tracers migrating
to the barchan horns for cases n and b (Table 4.1), respectively. These PDFs are roughly sym-
metrical about V,, = 0 and could be fitted by a Gaussian function. However, the distributions
are too peaked to be adjusted in this manner and are better fitted by an exponential law. We
note that the exponential fitting is rather poor for the higher velocities, as shown in the insets
in Figs. 4.10(a) and 4.10(b), but the region of poor fitting corresponds to lower probabilities, of

the order of 1072, The PDFs obtained for the other cases are similar.

The distributions of the streamwise velocities of the grains migrating to horns have some
small negative values corresponding to grains trapped in the recirculation region, which affects
some grains at the inner lateral flank of the horns (see Supplemental Material of Alvarez &
Franklin (2019) for movies showing the displacements of grains). Because the negative values
have small magnitudes and very low probabilities, we did not consider them in our PDFs. Fi-
gures 4.11(a) and 4.11(b) present PDFs of the V), of tracers migrating to the barchan horns for
cases n and b (Table 4.1), respectively. As for V,, the distributions of V, can be fitted by an ex-
ponential law, noting that fittings are rather poor for the higher velocities, as shown in the insets
in Figs. 4.11(a) and 4.11(b). Again, as in the case for V, the region of poor fitting corresponds
to lower probabilities, of the orders of 10~* and 1073, and the PDFs obtained for the other cases

are similar.
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We note that the PDFs of velocity distributions that we have obtained by considering only
the grains going to horns resemble those obtained by Lajeunesse et al. (2010), Roseberry et al.
(2012), Seizilles et al. (2014), and Heyman et al. (2015) for bed load over flat beds, even if for

the latter case the transverse displacement of grains is only of a diffusive nature.
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Fig. 4.10: PDFs of transverse velocities V. of tracers migrating to horns. Insets; Semilog plots

of PDFs for V,, > 0, where the solid line corresponds to a straight-line fit for this part of the
distribution. (a) Case n and (b) case b from Table 4.1.
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Fig. 4.11: PDFs of streamwise velocities V), of tracers migrating to horns. Insets: Semilog plots
of PDFs, where the solid line corresponds to a straight-line fit. (a) Case n and (b) case b from
Table 4.1.

4.3.4 Residence time of moving grains leaving the horns of developed bar-

chans

We investigate next the residence time of moving grains whose initial positions were on
the horns of developed barchans. For this, we computed the time interval ¢ that each tracer took

to leave the horns once they started moving as well as the traveled distance . This concerns
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tracers that had stopped over the horns or that were previously buried and suddenly exposed by
erosion. Therefore, we employ here the term residence time of moving grains to make it clear
that we are not dealing with the characteristic time of residence of grains within the horns, but
with the time that, once moving, they take to leave the horns. This is different from the concept
of residence time computed by Zhang et al. (2014), who investigated numerically the residence
time of grains in the entire barchan before their ejection at the tips of horns. Zhang et al. (2014)
found that the residence time in the barchan is given by the surface of the longitudinal central

slice of the dune divided by the input sand flux.
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Fig. 4.12: Traveled distance normalized by the grain diameter, §/d, as a function of the residence
time of moving grains leaving the horns normalized by the settling time, ¢/t*. A quasilinear
relationship is verified for all tested cases. The cases listed in the key are presented in Table 4.1.

Figure 4.12 presents o normalized by the grain diameter as a function of ¢ normalized by

a settling time ¢* defined as

1/2
ﬁ_( pd ) | (4.5)
(ps — p)g

on log-log scales, for all moving tracers that originate on the horns. Independently of the flow
rate and grain size, §/d varies quasilinearly with ¢/t*, grains under higher Shields numbers
remaining on the horns for shorter times (cases j, k, and 1); these grains, dragged by a stronger
fluid flow, travel longer distances in shorter times. An exponential fit of the data presented in

Fig. 4.12 gives
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§/d ~ (t/t7)0570% (4.6)

with R? =0.997, i.e., a quasilinear relation.
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Fig. 4.13: PDFs of (a) the traveled distance normalized by the grain diameter, §/d, and (b) the
residence time of moving grains leaving the horns normalized by the settling time, ¢/t*. Solid
lines correspond to fittings using gamma functions. Cases j to r are included in these PDFs.

In Chapter 3, we found that for developed barchans the horn length is L), ~ 10Lg;4.

Therefore, in the case of subaqueous barchans formed by glass beads L, ~ 25d and we ex-
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pect that ¢ scales with this value. Figures 4.13(a) and 4.13(b) present the PDFs of the traveled
distance normalized by the grain diameter, §/d, and the residence time of moving grains norma-
lized by the settling time, ¢/t*, respectively, for cases j to r. The data presented in Figs. 4.13(a)
and 4.13(b) were fitted by gamma functions, shown as solid lines in these figures. For these
functions, the most probable value of ¢ is 15d (the mean value for the gamma fit being 20d) and
the most probable residence time is 35¢* (the mean value for the gamma fit being 65t*). The
most probable value found for § is of the expected order of magnitude. Concerning the most
probable residence time, it corresponds to dimensional values of 0.13 s < ¢ < 0.20 s; there-
fore, the characteristic velocity of grains leaving the horns is 0.015 m/s < §/t < 0.057 m/s,
which corresponds to 6-16% of the cross-sectional mean velocity of the water. These values are
in accordance with those of Lajeunesse ef al. (2010), Roseberry et al. (2012), and Penteado &

Franklin (2016), although these works concerned plane beds.

4.4 Chapter summary

In this chapter we have presented experimental results on the dynamics of grains migra-
ting to horns of both evolving and developed subaqueous barchans. Our results showed that the
majority of these grains do not come from the lateral flanks of the initial heap or dune, as usually
asserted in the aeolian case. Instead, we show that in the subaqueous case most of the grains mi-
grating to horns come from upstream regions of the bedform, exhibiting significant transverse
displacements. For these grains, irrespective of their size and the strength of the water flow, we
found that the distributions of transverse and streamwise velocities are given by exponential
functions, with the probability density functions of their magnitudes being similar to results
obtained from previous studies on flat beds. We have computed the residence time of moving
grains, which we defined as the time taken by moving grains whose initial positions were on
the horns of developed barchans to leave them, and the corresponding length. We found that
the residence time and traveled distance are related following a quasi-linear relation, and that
their most probable values are 35 times the settling time and 15 grain diameters, respectively. In
addition, we have shown that the characteristic velocity of these grains is of the same order as
velocities reported for subaqueous bed load on plane beds. Our results change the way in which

the crescentic shape of subaqueous barchans is explained. However, the physical mechanisms
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underlying the shape of barchan dunes, which we have identified for the subaqueous case, can-
not be precluded for bedforms found on terrestrial deserts and other planetary environments.
Therefore, further numerical and experimental investigations on aeolian dunes are necessary to
shed more light on the physical mechanisms leading to the formation of barchans in different

environments.
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5 SHAPE EVOLUTION OF NUMERICALLY OBTAINED SUBAQUE-
OUS BARCHAN DUNES'

In addition to the scales of bedforms, the transport of grains presents significant differen-
ces according to the nature of the entraining fluid, so that the growth of barchans is still not fully
understood. Given the smaller length and time scales of the aquatic case, subaqueous barchans
are the ideal object to study the growth of barchan dunes. In this chapter, we reproduce nume-
rically the experiments presented in Chapters 3 and 4 on the shape evolution of barchans from
their initiation until they have reached a stable shape. We computed the bed evolution by using
the computational fluid dynamics - discrete element method, where we coupled the discrete ele-
ment method with large eddy simulation (LES) for the same initial and boundary conditions of
the experiments. Our simulations captured well the evolution of the initial pile toward a bar-
chan dune in both the bedform and grain scales, with the same characteristic time and lengths
observed in experiments. This shows that the present method is appropriate for numerical com-
putations of bedforms, opening new possibilities for accessing data that are not available from

current experiments.

5.1 Introduction

Under the action of a fluid flow, granular beds may give rise to ripples and dunes. Among
the different bedforms, barchan dunes are strong attractors that can be found in highly diverse
environments such as rivers, oil pipelines, open channels, terrestrial deserts, and even other
planetary environments (Bagnold, 1941; Hersen et al., 2002; Claudin & Andreotti, 2006; Parteli
& Herrmann, 2007). Barchans are usually formed when grains are transported as bed load by a
one-directional fluid flow, and they are characterized by a crescentic shape with horns pointing
downstream (Bagnold, 1941; Hersen et al., 2002). Although robust, this shape presents different
scales according to the environment the barchans are in, varying from the decimeter and minute
under water (Franklin & Charru, 2009, 2011) to the kilometer and millennium on Mars (Claudin
& Andreotti, 2006; Parteli & Herrmann, 2007).

1 This chapter is based on C. A. Alvarez and E. M. Franklin, Phys. Rev. E 101, 012905 (2020). (Alvarez &
Franklin, 2020)
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Besides the bedform scales, the transport of grains is different according to the nature
of the entraining fluid. In liquids, bed load is characterized by grains that move by rolling and
sliding over each other (Penteado & Franklin, 2016), and occasionally by small jumps with
distances of the order of a few grain diameters (Bagnold, 1956, 1973), while in gases bed load
is characterized by ballistic flights over distances much larger than the grain diameter (Bagnold,
1941, 1956). Because of shape and transport differences, a general explanation for the growth

of barchans is still lacking.

Given the smaller length and time scales of the aquatic case, subaqueous barchans are
the ideal object to study the growth of barchan dunes. For this reason, many studies carried
out experiments in water tanks and channels in order to obtain the length and time scales of
barchans (Hersen ef al., 2002; Endo et al., 2004; Franklin & Charru, 2011; Hori et al., 2007;
Alvarez & Franklin, 2017a) and typical trajectories and velocities of moving grains (Alvarez &
Franklin, 2018b, 2019). The smaller and faster scales of the subaqueous case have allowed the
establishment of relations and scaling factors crucial to understand the dynamics of much larger
and slower barchans found in other environments (Hersen et al., 2002; Claudin & Andreotti,

2006; Parteli & Herrmann, 2007).

Another way to investigate the dynamics of barchans is by carrying out numerical simula-
tions. The first numerical works computing large-scale dunes employed continuum models for
the grains (Sauermann et al., 2001; Herrmann & Sauermann, 2000; Kroy et al., 2002a,b, 2005;
Schwimmle & Herrmann, 2005; Parteli ef al., 2014) and considered that saltation was the mode
of entrainment, occurring mainly in the longitudinal direction, with some transverse diffusion.
Therefore, those models are suitable to simulations of Aeolian and Martian dunes consisting
of a large number of salting grains, in which, indeed, they succeeded. However, the transverse
displacements of grains in the subaqueous case are, on average, comparable to the longitudinal
ones, as shown recently by Alvarez & Franklin (2018b, 2019), a situation different from what
is generally conjectured for the Aeolian and Martian cases. If we consider that subaqueous bar-
chans measure a few decimeters, consisting of only some tens of thousands of grains, and that
saltation is not the preferable mode of entrainment, then continuous models are not well justi-
fied in the aquatic case, although they may give reasonable results if the transverse diffusion is

tuned appropriately or if bed load is considered to follow more closely the fluid. For example,
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Khosronejad & Sotiropoulos (2017) succeeded in computing fields of subaqueous barchans by
using a continuum model for the grains. They coupled a large eddy simulation (LES) model
for the water and water-suspension mixture with a continuum model involving the entrainment
and Exner equations for the granular bed, obtaining morphological characteristics of bedforms
during the evolution of an initially flat bed toward a barchan field. However, the dynamics at the

grain scale is not accessible with this method.

More recently, simulations of bed load as a discrete medium by using Euler-Lagrange
methods, such as the computational fluid dynamics - discrete element method (CFD-DEM),
succeeded in capturing the main features of bed load (Schmeeckle, 2014; Kidanemariam & Uhl-
mann, 2014b; Liu ef al., 2016; Sun & Xiao, 2016; Pihtz & Duran, 2017) and bedforms (Kidane-
mariam & Uhlmann, 2014a, 2017). Schmeeckle (2014) presented a model coupling DEM with
LES based on the open source codes CFDEM (Goniva et al., 2012) (www.cfdem.com), Open-
FOAM (www.openfoam.org), and LIGGGHTS (Kloss & Goniva, 2010; Berger et al., 2015),
that was used to compute sand transport by water. The author carried out computations for dif-
ferent flow strengths over initially flat beds, being interested essentially in the entrainment of
grains by the water flow. His results showed that bed-load grains move generally in contact with
the bed and that saltation is of lesser importance in the subaqueous case, with most of the grains
being dislodged directly by the water flow. Pdhtz & Duran (2017) investigated numerically
the mechanisms of the entrainment of grains by using DEM coupled with Reynolds-averaged
Navier-Stokes equations (RANS). The authors examined the conditions for entrainment directly
by the fluid (fluid entrainment) and particle-bed impacts (impact entrainment), and they found
that fluid entrainment is important only for viscous cases, the impact entrainment being more
important in all the other cases. For a given range of flows, Schmeeckle (2014) and Pihtz &

Duran (2017) present contrasting results with respect to grain entrainment.

Kidanemariam & Uhlmann (2014a,b, 2017) numerically investigated bed load and the
growth of bedforms in the subaqueous case. The authors used direct numerical simulations
(DNS) for the fluid, DEM for the grains, and immersed boundary (IB) for the coupling between
fluid and grains. Their simulations showed that bed load is computed properly by the propo-
sed method, and wavelengths, amplitudes, and celerities of bedforms are well captured, being

in agreement with experimental data available in the literature. The proposed methodology is
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currently the most accurate, avoiding the use of turbulence models for the fluid, capturing all
the scales of turbulence down to the Kolmogorov scale, and fully solving the flow around each
grain. However, the computational cost is exceedingly high, so that the time required for obtai-

ning developed bedforms is seldom reached (Colombini, 2014).

Although some numerical investigations succeeded in capturing the formation of suba-
queous barchans, they did not report detailed measurements in the bedform and grain scales,
namely the evolution of lengths and times of bedforms and the trajectories of individual grains
over barchans. In addition, the role of water in the direct entrainment of grains is still a sub-
ject of debate. Detailed morphological evolution, local characteristics of the water flow, and
trajectories of individual grains obtained from numerical computations are important to evalu-
ate the suitability of numerical methods and provide information not accessible from reported

experiments, such as the mode of entrainment and resultant forces on grains.

In this chapter, we reproduce numerically some of the experimental results presented in
Chapter 3 and 4 on the shape evolution of barchans, from their initiation until they have re-
ached a stable shape, and the trajectories of grains migrating to horns. Besides the evolution
of the bedform morphology and the trajectory of grains, we obtained numerically the local
water flow over a single barchan, which we compare with the experiments of Charru & Fran-
klin (2012). Our simulations were performed by using CFD-DEM to compute numerically the
formation of single barchans from initially conical piles, where the fluid was computed with
LES and the grains by solving linear and angular momentum equations applied to each particle.
LES, although needing subgrid turbulence models, is able to compute the flow around bedforms
including recirculation regions and some large turbulence structures, with a much lower com-
putational cost than DNS. Our simulations captured not only the formation of barchans, but
also their length scale, the time scale ¢, for the growth of horns, and the trajectories of grains
migrating to horns. Our results show that the used method is appropriate to numerical computa-
tions of subaqueous bedforms, opening new possibilities for accessing data not available from

current experiments.



81

5.2 Model description

Our numerical investigation was conducted with CFD-DEM, where the dynamics of each
individual particle was computed by DEM (Cundall & Strack, 1979) using the resulting forces
and torques on each particle, the fluid flow was computed by LES, and momentum coupling

was made between solids and fluid.

5.2.1 Grains

The solid particles are treated in a Lagrangian framework, with the dynamics of each
particle being computed by the linear and angular momentum equations, given by Egs. 5.1 and

5.2, respectively,

di, -~ =
mp% = Frp+ Fo+myg (5.1)
s, -
—L2 =T, 5.2
Pt >-2)

where g is the acceleration of gravity and, for each particle, m,, is the mass, i, is the velocity, I,
is the moment of inertia, ¢, is the angular velocity, ﬁfp is the resultant of fluid forces on grains,
ﬁc is the resultant of contact forces between solids, and fc is the resultant of contact torques
between solids. In the balance of angular momentum, Eq. 5.2, we neglect momentum variations
caused by the fluid because the term due to contacts is much higher (Tsuji et al., 1992, 1993;
Liu et al., 2016). In the present study, we consider that the resultant of fluid forces acting on

each particle is made up of components given by the fluid drag, fluid stresses and added mass:

ﬁfp: ﬁD+ﬁstress+ﬁam (53)
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where ﬁD is the drag force caused by the fluid on grains, ﬁmess =V, |-VP+ V. 7| is the
force caused by fluid stresses and E,, is the added mass force, V) being the volume of one
solid particle, P the fluid pressure and 7 the deviatoric stress tensor of the fluid. In Eq. 5.3,
we neglect the Basset, Saffman and Magnus forces as they are usually considered of lesser

importance in CFD-DEM simulations (Zhou et al., 2010).

The contact forces and torques are the result of contacts between particles and between

particles and the wall. They can be expressed, respectively, by Egs. 5.4 and 5.5,

Nc Nuw
ﬁc = Z <ﬁc,ij> + Z (ﬁc,iw> (54)
i£] i
Ne¢ Ny
T.=) Toii+ > Tew (5.5)
i#j i

where ﬁcﬂ- ; and ﬁc,iw are the contact forces between particles and between particles and the wall,
respectively, fc,ij is the torque due to the tangential component of the contact force between
particles ¢ and 7, and Tﬁcﬁiw is the torque due to the tangential component of the contact force
between particle ¢ and the wall, /N, - 1 being the number of particles in contact with particle 7,

and V,, the number of particles in contact with the wall.

5.2.2 Fluid

The fluid is the continuous phase and is treated in an Eulerian framework. For an incom-

pressible flow, mass and momentum equations are given by Eqgs. 5.6 and 5.7, respectively,

V-i;=0 (5.6)



83

Opyiiy
ot
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where @ is the fluid velocity, p; is the fluid density (equal to 10° kg/m? in the present case), and
f}p is the resultant of fluid forces acting on each grain, ﬁfp, by unit of fluid volume, representing

the momentum transfer from the fluid to the solids.

5.3 Numerical setup

In the present study, we used the open source code CFDEM (Goniva et al., 2012)
(www.cfdem.com) for our CFD-DEM computations. CFDEM links the open source code Open-
FOAM, which computes the fluid flow based on the finite volume method (FVM), with the open
source code LIGGGHTS (Kloss & Goniva, 2010; Berger et al., 2015), which computes the dy-

namics of grains.

Concerning the grains, we considered a Hertzian model for which we set up the coefficient
of restitution e as approximately 0.1 because collisions are expected to be viscous damped
(Schmeeckle, 2014). The friction coefficient 114, was considered as 0.6 (Schmeeckle, 2014; Liu
et al., 2016), and Young’s modulus £ and the Poisson ratio ¢ were obtained from Tsuji et al.
(1992, 1993). Young’s modulus used in the simulations is considerably smaller than real values
in order to reduce the DEM time step without affecting significantly the numerical outputs

(Tsuji et al., 1993). The main parameters used in our simulations are listed in Table 5.1.

Table 5.1: DEM parameters

Particle diameter d (mm) 0.5
Particle density p, (kg/m?®) 2500
Young’s Modulus £/ (MPa) 5

Poisson ratio o 0.45
Restitution coefficient e 0.1
Friction coefficient ji s, 0.6

Initial number of particles N 4 x 10*
Time step (s) 5x 1076

For the fluid, we used LES with subgrid stresses given by the wall-adapting local eddy-
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viscosity (WALE) model (Nicoud & Ducros, 1999). The domain was set to 0.3 x 0.05 x 0.16 m
divided into 150, 150 and 160 segments in the streamwise, =, wall-normal, y, and spanwise, z,
directions, respectively. The dimensions in y = 2§ and z directions are the same as those of the
previous experiments (Chapter 3 and 4). The segments in the = and z directions are uniform
in size, whereas in the y direction they are unevenly spaced. Details of the grid and Reynolds
numbers employed in our simulations are summarized in Table 5.2, where Re = U20v ™" is the
channel Reynolds number based on the cross-sectional mean velocity and Re, = u,0v 1 is the
Reynolds number based on the shear velocity, v being the kinematic viscosity (equal to 10~°

m?/s in the present case).

Table 5.2: Computational grid and Reynolds numbers. Az and Az" are the grid spacings
Az and Az in the streamwise and spanwise directions, respectively, scaled in inner wall units,
vu;l. Ay and Ayl are the grid spacing in the wall-normal direction at the first and center
points, respectively, scaled in inner wall units. Re = U25v~! and Re, = u,6v !, where U is the
cross-sectional mean velocity.

Case 1 Case 2

Azt 336 40.4
Ayf 0091 1.10
Ayr 1718 20.65
Azt 16.80 20.20
Re 147x10* 1.82x10*
Re, 420 506

In Eq. 5.7, the term of momentum transfer between the fluid and solids is computed as
f}p = ﬁfp /Veer, where Vi is the volume of the considered computational cell. The drag force

in Eq. 5.3 is computed as in Eq. 5.8,

Fp = A,Cppy(i — ) iy — i) (5.8)

where A, is the particle cross sectional area and Cp is a drag coefficient obtained from the

Gidaspow model (Gidaspow, 1994).

Prior to CFD-DEM simulations, single phase flows were computed in the computational
domain, corresponding to a rectangular cross-sectional channel. Periodic conditions were con-

sidered in streamwise and spanwise directions, and the final realization was saved to be used as
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Fig. 5.1: Layout of the computational setup. In the simulations, L, =0.3 m, 20 =0.05mand L,
=0.16 m.

the fluid initial condition for the CFD-DEM simulations with grains.

Also prior to starting the simulations, the water flow was set to zero velocity and the
grains were poured from above, falling freely in water at a longitudinal location 0.05 m from
the domain inlet and centered in the transverse direction. After a period for the grains to settle,
we obtained an initially conical pile with radius R = 0.025 m, similar to Alvarez & Franklin
(2017a, 2018a,b), and the center at 0.05 m from the domain inlet. Once the initial condition for
the grains was reached, we imposed the final realization of the single-phase LES computations
as the initial condition for water. The boundary conditions for the fluid were impermeability
and no-slip conditions at the top and bottom walls of the channel, and periodic conditions in
the longitudinal and transverse directions. The boundary conditions for the solid particles were
solid walls at the top and bottom walls, free exit at the outlet, and no mass entering at the inlet,
so that the barchan decreased slightly in size while migrating, in the same manner as in Alvarez

& Franklin (2017a, 2018b). Figure 5.1 shows a layout of the computational domain.

The resulting conditions for sediment transport are s = 2.5, Ga =43, Im =74, and 0 =
0.04 and 0.06, where s = p,/py is the density ratio, Ga = \/m /v the Galileo number,
0 = u2/ ((s — 1) gd) the Shields number, and I'm = Gay/s + 0.5 the impact number proposed
by Pihtz & Durdn (2017) to account for the importance of impact entrainment on bed load and
saltation. In the present case 3 < 6 x Im < 4 and I'm > 20, placing the bed-load conditions
in the limit between fluid and impact entrainment, according to Pihtz & Durdn (2017). The

experiments reported by Alvarez & Franklin (2017a, 2018b) showed grains rolling and sliding
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following closely the mean water flow, pointing in the direction of direct entrainment by the

fluid.

The tracking of bedforms and individual grains, as well as computations of morphology
characteristics and grain trajectories, were carried out in the same manner as in our previous
experiments (Alvarez & Franklin, 2017a, 2018b), making use of scripts written for this purpose
based on Kelley & Ouellette (2011), Alvarez (2016), and Alvarez & Franklin (2017b).

5.4 Results and discussion

5.4.1 Single water flow

Computations of single-phase channel flows were necessary to be used as the initial con-
dition for the simulations with solid particles. In order to evaluate our LES computations, the
single phase simulations for Re, = 420 were compared with the DNS results of Moser et al.
(1999) for Re, = 395. For that, we averaged 1,000 velocity fields in time (the last of 3,000 fi-
elds) and in the x and z directions, obtaining the profiles of mean velocity and Reynolds stress,

which were compared afterward with Moser et al. (1999).

Figures 5.2(a) and 5.2(b) present, respectively, the profiles of the longitudinal component
of the mean velocity in the traditional log-normal scales and of the components of the Reynolds
stress, normalized by the inner scales, where solid lines correspond to the present LES results
and dashed lines to the DNS results of Moser et al. (1999). In these figures, w is the longitudinal
component of the mean velocity, ut = u/u,, k is the turbulent kinetic energy, and «’, v" and w’
are the longitudinal, vertical and transverse components of velocity fluctuations, respectively. In
the case of velocity fluctuations and turbulent kinetic energy, the superscript + means division
by u2, overbar means temporal averages, and <> refers to spatial averages in the x and z

directions. Figure 5.2(a) presents also the law of the wall with k =0.41 and B =5.2.

In Fig. 5.2(a) we can observe that in the viscous region the mean profile obtained with LES

shows a good agreement with both the law of the wall and DNS results of Moser ef al. (1999),
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Fig. 5.2: Single-phase flow in the channel. a) Profile of the longitudinal component of the mean
velocity u in the traditional log-normal scales, normalized by the inner scales. b) Profiles of the
components of the Reynolds stress and turbulent kinetic energy normalized by the inner scales.
Continuous lines correspond to the present LES results and dashed lines to the DNS results of
Moser et al. (1999). Figure (a) presents also the law of the wall with xk =0.41 and B =5.2.

while in the overlap region LES results are shifted upwards with the same slope when compared
with both the law of the wall and DNS. LES results could have a better agreement with DNS
if we further refined the mesh; however, we are not carrying out particle-resolved simulations,
so that the present results are adequate for the purpose of initial conditions for simulations with
bed load. Figure 5.2(b) shows a good agreement between second-order moments obtained by
LES and DNS. Finally, we observe that two-dimensional measurements with particle image

velocimetry (PIV) in a channel with the same dimensions provided similar results (Franklin
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et al., 2014; Canez et al., 2018).

5.4.2 Simulations with bed load

Morphology of bedforms

With the grains settled in the channel, forming an initially conical pile, the output of the
LES simulation for the single-phase flow was imposed as the initial condition for the fluid.
Once the simulations started, with periodic conditions for the fluid in the x and z directions, the
turbulent flow was sustained and the grains entrained by the water flow, deforming the initial

pile in a barchan dune, as can be seen in Fig. 5.3.

10_mm

a)

0s 1s 3s 5s 10s

Fig. 5.3: Top views of an initially conical heap deformed by a turbulent water flow at different
times. The flow is from left to right. a) Numerical results. b) Experiments of Alvarez & Franklin
(2018b). Re = 1.82x10%, d = 0.5 mm, and p, = 2500 kg/m®.

Figure 5.3 shows top views of the bedform as it is deformed from a conical heap in a
barchan dune by the water flow. Figure 5.3(b) corresponds to images from experiments for Re
= 1.82x10% d = 0.5 mm, and p, = 2500 kg/m?, and Fig. 5.3(a) consists of snapshots of our
numerical simulations for the same conditions. We observe a similar evolution of bedforms
in experiments and numerical simulations: once the water starts to flow, the pile is deformed,

with the formation of a slip face and growing of horns. After some time, the bedform adopts a
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crescentic shape. The evolution of length and time scales is discussed next.

65 T T T T T
Re = 1.82 x 10* (ezp.)
Re = 1.47 x 10* (ezp.)
Re = 1.82 x 10* (sim.) | |
(sim.)

Re = 1.47 x 10* (sim

ovevw

Fig. 5.4: (a) L/Lgyqy versus t/t. and (b) W/ Ly, versus t/t.. The open symbols correspond
to numerical results, solid symbols to the experimental results of Alvarez & Franklin (2017a,
2018b), and Reynolds numbers are listed in the key.

A direct comparison between experiments and numerical simulations for the evolutions
of the length and width of barchans is presented in Fig. 5.4. Figures 5.4(a) and 5.4(b) show,
respectively, the length L and width W of barchans normalized by the length scale Lo, as
functions of time ¢ normalized by the timescale ¢.. The open symbols correspond to numerical
results, solid symbols to the experimental results of Alvarez & Franklin (2017a, 2018b), and

Reynolds numbers are listed in the key of Fig. 5.4(a). Lyqg = (ps/py)d is an inertial length
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for the Aeolian case (Hersen et al., 2002; Sauermann et al., 2001), which is proportional to
the length for the stabilization of sand flux, and ¢. = L.,/C is the timescale for the barchan
evolution (Alvarez & Franklin, 2017a), where L., is the barchan length once the crescentic

shape is attained and C' is the dune celerity.

For t < t., the numerically obtained values are different from the experimental ones, with,
in addition, a different behavior for L, which decreases in the numerical results while it remains
constant in the experiments. The difference in the initial behavior is due to slight differences in
the initial conditions of numerical simulations when compared to experiments. In their turn, part
of the differences in the initial conditions results from the pouring of grains on the bottom wall,
where the friction coefficient between grains and wall is fixed in the numerical simulations, but
is susceptible to variations and uncertainties in the experiments. In general, the bedforms in
numerical simulations and experiments evolve in a similar manner, reaching roughly the same

length and width for ¢ > ¢, respectively.
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Fig. 5.5: Ly, / Lgyqq versus t/t.. The open symbols correspond to numerical results, solid symbols
to the experimental results of Alvarez & Franklin (2017a, 2018b), and Reynolds numbers are
listed in the key of Fig. 5.4(a).

The time evolution of the length of horns Ly, is shown in Fig. 5.5, which presents Ly, / L q4
as a function of ¢/t.. The open symbols correspond to numerical results, solid symbols to the
experimental results of Alvarez & Franklin (2017a, 2018b), and Reynolds numbers are listed

in the key of Fig. 5.4(a). In the case of L, the numerical results show a good agreement with
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experiments, the length increasing with the same slope for ¢ < 2.5¢. and reaching the same

constant value for t > 2.5¢,.

Arguing that the main feature of a barchan dune is its horns, we proposed in Alvarez &
Franklin (2017a), based on the evolution of horns, that an initially conical pile deforms under
the action of a water flow and reaches a stable crescentic shape when ¢ = 2.5¢... For t > 2.5¢., the
subaqueous barchan migrates keeping the same crescentic shape, being referred to in Alvarez &
Franklin (2017a) as stable dunes. Because our numerical simulations predict the same evolution
for horns at all times, and similar behaviors for the dune length and width for ¢ > t., we consider

that the present simulations capture well the morphology of evolving barchans.

Flow over single barchans

0.5+
0.4
0.3+

0.1F

-1.2 -0.9 -0.6

Fig. 5.6: Side view of a barchan dune, showing the adopted coordinate system for the flow over
the dune. Vertical lines correspond to the longitudinal positions of the profiles plotted in Figs.
5.7 and 5.8.

Second-order moments for the flow over a barchan dune were obtained by time averaging
10,000 instantaneous fields (the last of 20,000 fields) in the vertical symmetry plane of the
dune. Because the flow evolves along the dune, we present next only some profiles along the
stoss side until reaching the dune crest. In order to obtain a significant number of fields while
allowing a direct comparison with the PIV experiments reported in Charru & Franklin (2012),
we artificially fixed the barchan dune by increasing considerably the density of grains at some
point after ¢ = 2.5¢.. This procedure is similar to that of Charru & Franklin (2012), where
the fluid flow was reduced after ¢ = 2.5¢. in order to remain slightly below the threshold for

bed load. Neglecting bed load in the subaqueous case is justified by its smaller effect on the
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water (feedback effect) when compared with the shape perturbation (Charru & Franklin, 2012;
Franklin et al., 2014). We adopted the same coordinate system as in Charru & Franklin (2012),

with the origin of the longitudinal coordinate at the dune crest, as shown in Fig. 5.6, and the use

of the displaced coordinate y; = y — h(x), where h(x) is the local height of the barchan in its
vertical symmetry plane.
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Fig. 5.7: Profiles of (a) v/« and (b) v/v/ normalized by u?, using the displaced coordinate y,

normalized by §. Each different symbol corresponds to a longitudinal position normalized by
L, with origin at the dune crest, and listed in the key.

Figures 5.7 and 5.8 show the second-order moments for the flow over the barchan dune.

Figures 5.7(a), 5.7(b) and 5.8 present some profiles of u/u/, v'v/ and —u'v’, respectively, for
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Fig. 5.8: Profiles of —u/v’ normalized by 12, using the displaced coordinate 3; normalized by
0. Each different symbol corresponds to a longitudinal position normalized by L, with origin at
the dune crest, and listed in the key of Fig. 5.7(a).

different longitudinal positions. In these figures, the abscissa corresponds to u/v/, v'v’ or —u'v’
normalized by u2, the ordinate to the displaced coordinate y, normalized by ¢, and each different
symbol to the longitudinal position normalized by L with the origin at the dune crest. The

plotted positions are listed in the key of Fig. 5.7(a).

The profiles of Figs. 5.7 and 5.8 are very much like Figs. 16 and 17(b) of Charru &
Franklin (2012). In particular, we note that the maximum value of —u/v’ is attained within -
1.2 < z/L < -0.6, reaching values of approximately 1.1u2, just as measured experimentally.
In summary, the evolution of second-order moments along the dune obtained from our LES
simulations is in good agreement with the results of Charru & Franklin (2012), showing that the
numerical setup adopted captures the mean features associated with the turbulent flow over the

dune.

Trajectories of grains

In Alvarez & Franklin (2018b), we presented the trajectories of grains migrating to the
horns of barchans during their growth from conical piles that consisted of 0.40 mm < d < 0.60

mm glass beads. We present next the trajectories of grains that migrated to the growing horns
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of barchans obtained from numerical simulations. In the simulations, we tracked only grains
moving over the dune (over a granular bed), because grains moving directly over the channel
wall presented straighter trajectories when compared with experiments. This difference may
be connected to the microstructure of the grain and wall surfaces, which are smoother in the
numerical simulations, and, therefore, affect strongly grains rolling and sliding directly over the
bottom wall. In our experiments, we expect that the channel wall was subject to small scratches

caused by the grains in addition to other sources of microstructure uncertainties.

1t
0,
= 1|
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2,
3,
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z/R

Fig. 5.9: Trajectories of some of the grains that migrated to horns during the growth of a barchan
dune. The water flow is from top to bottom. Re = 1.82 x 10* and the black dashed circle
represents the initial pile of radius R.

Figure 5.9 shows the pathlines of some grains that migrated to horns during the growth
of a barchan dune from an initially conical pile for the numerical simulations with Re = 1.82
x 10%. The abscissa and ordinate correspond, respectively, to the transverse and streamwise
coordinates, z and x, normalized by R. In Fig. 5.9, the dashed black circle displays the initial
pile. We observe a behavior similar to that noted in Alvarez & Franklin (2018b), with grains that
migrate to horns describing circular paths, which implies significant transverse components.
As verified experimentally by Alvarez & Franklin (2018b), these grains come from regions
upstream of the dune centroid, moving around the central region of the barchan before reaching

the horns.
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In Alvarez & Franklin (2018b), we used radial and angular coordinates with the origin
at the dune centroid in order to find the original positions of grains migrating to the growing
horns, and afterward we computed their probability density functions (PDFs) and frequencies of
occurrence. We make use here of the same method, in which we localize in polar coordinates the
grains migrating to horns. The polar coordinates were defined as (|71 — 7./, ¢), in the same way
as in Alvarez & Franklin (2018b), r; being the original position of grains, 7. the instantaneous

position of the dune centroid, and ¢ the angle with respect to the transverse direction.

4.5
—— Re = 1.47 x 10* (exp.)
4+ 4 — % — Re = 1.47 x 10* (num.) | 4
—6— Re = 1.82 x 10* (ezp.)
— ©& — Re = 1.82 x 10* (num.
35 )]

r—rel/ R

Fig. 5.10: PDFs of the original positions of the grains that migrated to horns during the growth
of a barchan dune, obtained from numerical simulations and the experiments of Alvarez &
Franklin (2018b). A kernel smoothing function was used in these plots (Bowman & Azzalini,
1997).

Figures 5.10 and 5.11 present the PDFs of the initial positions of grains migrating to horns
as functions of |r; — r.|/R and their frequencies of occurrence as functions of ¢, respectively,
for both our numerical results and the experiments of Alvarez & Franklin (2018b). The PDFs
of Fig. 5.10 were computed using a kernel smoothing function (Bowman & Azzalini, 1997)
and the water flow direction in Fig. 5.11 is 270°. Figures 5.10 and 5.11 show a good agreement
between experiments and numerical simulations, most of the grains that migrate to horns being
originally within |r; — r.|/R > 1 and 15° < ¢ <70° and 120° < ¢ < 170°, i.e., at upstream

regions on the periphery of the pile.

We computed the total transverse (A.) and longitudinal (A,) distances traveled by

the grains that migrated to horns. Figs. 5.12(a) and 5.12(b) present PDFs of A,/Lg.q, and
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Fig. 5.11: Frequencies of occurrence of the initial positions of grains migrating to horns as
functions of the angle with respect to the transverse direction (water flow direction is 270°),
obtained from numerical simulations and the experiments of Alvarez & Franklin (2018b). The
tips of appearing horns point to angles of approximately 240° and 300°.

A,/ Lrqg, respectively, obtained from both the present simulations and the experiments of Alva-
rez & Franklin (2018b), and the cases are listed in the key of Fig. 5.12(a). For both the numerical
simulations and experiments, we observe a significant transverse component in the movement
of grains, corroborating the conclusion of Alvarez & Franklin (2018b) that in the subaqueous
case grains migrating to horns describe circular paths with important transverse components.
By considering the most probable values of the distributions, we find 11 < A, /Ly, < 13 and
A, /A, =~ 0.5 for the simulations, close to the values 10 < A,/Lg.,, <12 and A,/A, = 0.5

found for the experiments.

Granular flux

We present next the flux of grains along the subaqueous barchan, which still needs inves-
tigation even experimentally. For that, we computed the total number of grains crossing certain
barchan cross sections (x planes) during specific periods. By using relatively short periods, we

obtained quasi-instantaneous values for the flux.

Figure 5.13 presents the number of grains crossing certain barchan cross sections as a

function of the normalized time ¢/t., where an interval of 0.13 s was used in the computations,
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Fig. 5.12: PDFs of the total (a) transverse and (b) longitudinal distances, A, and A, normalized
by L4y for numerical and experimental results, as listed in the key of figure (a).

corresponding to 0.016¢.. Values presented in the ordinate can be converted to g by multiplying
them by 1.64 x 10~*, which corresponds to the grain mass in g. In spite of considerable dis-
persion, Fig. 5.13 shows that, locally, there seems to exist a transient in the flux of grains for
t/t. < 1.5 and afterward the flux is roughly constant. This is, in some measure, consistent with
the characteristic time ¢/t. = 2.5 for the growth of barchans proposed in the Chapter 3. In
space, Fig. 5.13 shows that the flux is not saturated along the barchan, increasing toward the
crest. Although it is known that the largest value should occur just upstream of the dune crest
(Engelund & Fredsoe, 1982), we are not able to show that for the moment given the relatively

high dispersion in obtained fluxes.
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number of particles

Fig. 5.13: Number of grains crossing certain barchan cross sections as a function of the norma-
lized time t/t.. The longitudinal positions of each considered cross section (x planes) are listed
in the figure key (and shown in Fig. 5.6), and Re = 1.47x10%. For these computations, a time
interval of 0.13 s was used.

Forces on grains

The present simulations provide us with the resultant force acting on each grain, ﬁp, cor-
responding to the right-hand side of Eq. 5.1, i.e., qu =F tp T+ F. + m,,g. This information is
difficult to access experimentally, and it is not available from current experiments. In this sec-

tion we analyze the resultant force on grains along the barchan dune.

Figure 5.14 presents the resultant force on a tracked grain as it was entrained from an ups-
tream region until the dune crest, and it is representative of the resultant force acting on grains
migrating toward the crest. In Fig. 5.14, the solid blue line corresponds to the longitudinal com-
ponent of the force, [,,, and the dashed red line to the transverse component of the force, F)..
We observe that the grain experiences a varying force, in the transverse direction the instanta-
neous values varying around a zero average, while in the longitudinal direction the force has a
positive average, with high peaks occurring in some occasions. These peaks are much higher
than the mean value (in Fig. 5.14, the highest peak is one order of magnitude greater than the

mean value). It is interesting to note that this specific grain took a time slightly longer than 1.5¢,
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Fig. 5.14: Longitudinal and transverse components of the resultant force on a grain, F},; and F},,
respectively, as a function of time. This specific grain was entrained from an upstream region
toward the crest, and Re = 1.47x10%.

to reach the dune crest, with the highest peak occurring just before reaching the crest.

Figures 5.15(a) and 5.15(b) present, respectively, PDFs of the longitudinal and transverse
components of the resultant force acting on each grain crossing a given barchan cross section.
Figure 5.15 shows that the resultant force acting on each grain has a longitudinal component that
attains higher values on upstream regions and decays toward the crest, with a slightly broader
distribution upstream, while the transverse component is always peaked at zero, also with a
broader distribution upstream. Although the longitudinal component of the resultant force is
lower at the crest, the granular flux increases toward the crest, as previously shown, due probably
to the grain inertia. We expect that at the crest the granular flux is lower than that just upstream
of it, but, as previously explained, the relatively high dispersion in computed fluxes does not
allow us to prove that for the moment. The results on the resultant force, which have until now
been only conjectured, help to explain the mechanism of upstream erosion and crest deposition

that exists on barchan dunes.
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Fig. 5.15: PDFs of (a) the longitudinal and (b) transverse components of the resultant force
acting on each grain crossing a given barchan cross section. The longitudinal positions of each
considered cross section (z planes) are listed in the figure key and Re = 1.47 x 10%.

5.5 Chapter summary

This chapter investigated numerically the formation and evolution of single barchans by
using the computational fluid dynamics - discrete element method (CFD-DEM), where the

DEM was coupled with the large eddy simulation (LES). The simulations reproduced nume-
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rically our experiments presented in Alvarez & Franklin (2017a, 2018b) and performed in a
closed-conduit channel where initially conical heaps evolved to single barchans under the action
of a turbulent water flow. The numerical setup used the same initial and boundary conditions of

our experiments.

Our simulations captured well the evolution of the initial pile toward a barchan dune in
both the bedform and grain scales. Concerning the bedform, the morphology obtained from our
numerical simulations showed the same characteristic time and length observed in experiments:
the horns grow and the dune width and length evolve until ¢ = 2.5¢., where ¢, is a timescale
proposed in Alvarez & Franklin (2017a), reaching a stable value for ¢ > 2.5¢.. The evolution of
the horn length, its final value, and that of the dune width and length are in excellent agreement

with our experiments.

The water flow over a fixed barchan was compared with similar experiments reported in
Charru & Franklin (2012). The evolution of second-order moments along the dune obtained
from our LES simulations is in good agreement with the results of Charru & Franklin (2012),
showing that the numerical setup adopted is able to capture the mean features associated with

the turbulent flow over the dune.

We tracked the grains that migrated to the growing horns of barchans. We observed a
behavior similar to that observed in Alvarez & Franklin (2018b), with grains that migrate to
horns describing circular paths. Plots in polar coordinates centered at the dune centroid showed
that these grains come from upstream regions on the periphery of the initial pile. In addition,
computations of the total transverse and longitudinal distances traveled by the grains showed
PDFs similar to experimental values and a ratio between the transverse and longitudinal distan-

ces of approximately 0.5, the same value obtained experimentally.

Finally, we obtained the local granular flux and the resultant force acting on each grain,
the latter not yet previously measured nor computed. Concerning the granular flux, we showed
that there exists a transient for ¢ /¢, < 1.5 and that it is not saturated along the barchan. For the
resultant force on each grain, we showed that its longitudinal component attains higher values

on upstream regions and decays toward the crest. These results help to explain the mechanism
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of upstream erosion and crest deposition that exists on barchan dunes.

The good agreement between the numerical and experimental results shows that the pre-
sent method is appropriate for numerical computations of bedforms, opening new possibilities
for accessing data not available from current experiments, such as, for example, the instantane-

ous forces on each grain within the bed.
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6 CONCLUSIONS

This work has shown that the formation of subaqueous barchan dunes from initially
conical heaps in a rectangular channel can be associated with the appearance of their horns.
Although the formation of barchan dunes has been studied for a long time, only a few works
have carried out investigations on the behavior of their horns. In a novelty manner, we have
associated the time scale for the horn growth with the formation of the whole barchan dune.
Moreover, we have demonstrated that after a certain time, horns appear and grow, until an equi-
librium length is reached. Our results showed the existence of a time scale for the appearance
and equilibrium of horns. This time scale is given by a characteristic time ¢, that scales with the
grains diameter, gravity acceleration, densities of the fluid and grains, and shear and threshold
velocities. Although we proposed t. for the subaqueous case, our findings can be extrapolated
to the formation of barchan dunes under more complex scenarios. We consider that our results
are consistent and robust because in our experiments the more relevant variables involved in the
grain transport were considered, i.e., different flow rates interacted with particles which diame-
ters extended over a broad range, with both angular and round surfaces, two densities and that

formed piles with different weights.

To the best of our understanding, we have presented an experimental investigation of the
horn formation at the grain scale for the first time. Using a method of tracking at the grain scale,
we have found that many of the grains accumulating in the front of an evolving or developed
barchan travel around of it directly to its extremities to originate or fed up the horns. Our results
clearly showed that the advance of the lateral dune flanks due to the scaling of migration velocity
with the inverse of dune size is not the primary process leading to the barchan horns formation,
as explained in previous conceptual models. Instead, the grains going to horns come from ups-
tream regions traveling with significant transverse components. Furthermore, we calculated that
for these grains, irrespective of their size and the strength of the water flow, the distributions of
transverse and streamwise components of velocities are well described by exponential functi-
ons, with the probability density functions of their magnitudes being similar to results obtained
from previous studies on flat beds. At least for the conditions tested in this work, our results

change the way in which the growth of subaqueous barchan dunes is explained.
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We have computed the bed evolution by using a coupling of computational fluid dyna-
mics (CFD) and the discrete element method (DEM), employing an open-source code called
CFDEM, which is extensively employed in systems involving particle-fluid interactions. The
numerical setup was designed to reproduce the experimental conditions: geometrical features
of the channel and statistically steady fully developed flow at its entrance, and the spherical
particles had identical diameter and density as grains used in the experiments. Our numerical
simulations have shown that the characteristics of a barchan dune, from its length, width, and
horn length to its dynamic at the grain scale, are in good agreement with the experimental data

both quantitatively and qualitatively.

For the single-phase channel flows, our LES reproduced with reasonable accuracy the ve-
locity profile and the Reynolds stresses obtained by Moser et al. (1999); however, the author
employed direct numerical simulation. Furthermore, our work is the first to simulate the evolu-
tion of a barchan dune and extract results about the dynamic of the grains traveling to growing
horns. Detailed morphological evolution, local characteristics of the water flow and trajectories
of individual grains obtained from numerical computations are essential to evaluate the suita-
bility of numerical methods and provide information not accessible from reported experiments,

such as, for example, the instantaneous forces on each grain within the bed.

The investigation carried out through this work is undoubtedly important for a broad range
of physics and engineering communities. While it is difficult to claim that it is "opening a new
field of research", it is certainly opening new directions/possibilities in the research of turbulent

flows, granular matter, aeolian processes, pattern formation, etc.

Future works can be oriented to:

o Evaluate the formation of barchans under more complex scenarios, such as sand bars,

large sand fields, and sand fields over complex topographies, for example.

o Perform experiments on the formation of granular patterns using a non-newtonian fluid

in order to compare with the aquatic and aeolian cases.

o Investigate grain segregation, using tracking at the particle scale, in subaqueous dunes



105

formed by grains of different sizes.

o Carry out numerical simulations of the evolution of barchans employing the same com-
putational setup presented in this work, but allowing interact grains coming from more

than one pile.
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APPENDIX A - Supplementary material of Chapter 3!

Fig. A.1: Image of scanning electron microscopy for the 0.25 mm < d < 0.50 mm round glass
beads.

Fig. A.2: Image of scanning electron microscopy for the 0.40 mm < d < 0.60 mm round glass
beads.

T The information presented in this appendix was extracted from the Supplemental Material of C. A. Alvarez
and E. M. Franklin, Phys. Rev. E. 96, 062906 (2017). (Alvarez & Franklin, 2017a)
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Fig. A.3: Image of scanning electron microscopy for the 0.21 mm < d < 0.30 mm angular glass
beads.

Fig. A.4: Image of scanning electron microscopy for the 0.40 mm < d < 0.60 mm round zirco-
nium beads.
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Fig. A.5: L versus t/t. for glass beads under different flow conditions. The cases listed in the
key are presented in Table 3.1, and each different symbol in each graphic corresponds to a
different test run. This figure presents every n measurements for each experimental condition,
where 5 < n < 15.
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Fig. A.6: W versus t/t. for glass beads under different flow conditions. The cases listed in
the key are presented in Table 3.1, and each different symbol in each graphic corresponds to a
different test run. This figure presents every n measurements for each experimental condition,
where 5 < n < 15.
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Fig. A.7: W/L versus t/t. for glass beads under different flow conditions. The cases listed in
the key are presented in Table 3.1, and each different symbol in each graphic corresponds to a
different test run. This figure presents every n measurements for each experimental condition,
where 5 < n < 15.



124

20 * * * 20

L %‘

/g i
~ 40 f vv% 4
"]
30 1
30 1
20 : : : 20 : : :
0 25 5 7 0 25 5 7.5 10
t/t. t/t.

Fig. A.8: L versus t/t. for zirconium beads under different flow conditions. The cases listed in
the key are presented in Table 3.1, and each different symbol in each graphic corresponds to a
different test run. This figure presents every n measurements for each experimental condition,
where 5 < n < 15.
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Fig. A.9: W versus t/t. for zirconium beads under different flow conditions. The cases listed in
the key are presented in Table 3.1, and each different symbol in each graphic corresponds to a
different test run. This figure presents every n measurements for each experimental condition,
where 5 < n < 15.
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Fig. A.10: W/ L versus t/t.. for zirconium beads under different flow conditions. The cases listed
in the key are presented in Table 3.1, and each different symbol in each graphic corresponds to
a different test run. This figure presents every n measurements for each experimental condition,
where 5 < n < 15.
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APPENDIX B - Supplementary material of Chapter 41

t=2.976667 s

Initial position of ; 1
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nstantaneous position
f the dune centroid

t=3.163333s

Trajectory ofia
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Instantaneous final
position of a tracer

Fig. B.1: Some pathlines of tracers over a developed barchan made of 0.40 mm < d < 0.60
mm glass beads superposed with a photograph of the barchan for (a) £ =2.98 s and (b) t = 3.16
s. The water flow is from top to bottom. Re = 1.82 x 10* and the heap initial mass was 6.2 g.

1 Parts of this appendix were extracted from Supplemental Materials of C. A. Alvarez and E. M. Franklin,
Phys. Rev. Lett. 121, 164503 (2018), and of C. A. Alvarez and E. M. Franklin, Phys. Rev. E 100, 042904 (2019).
(Alvarez & Franklin, 2018b, 2019)
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Fig. B.2: Pathlines of tracers that migrated to horns of a evolving barchan made of 0.15 mm

< d < 0.25 mm glass beads. The water flow is from top to bottom. Re = 1.21 x 10* and the
heap initial mass was 6.2 g.
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Fig. B.3: Pathlines of tracers that migrated to horns of a evolving barchan made of 0.15 mm
< d < 0.25 mm glass beads. The water flow is from top to bottom. Re = 1.47 x 10* and the
heap initial mass was 6.2 g.
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Fig. B.4: Pathlines of tracers that migrated to horns of a evolving barchan made of 0.15 mm
< d < 0.25 mm glass beads. The water flow is from top to bottom. Re = 1.82 x 10* and the
heap initial mass was 6.2 g.
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Fig. B.5: Pathlines of tracers that migrated to horns of a evolving barchan made of 0.40 mm
< d < 0.60 mm glass beads. The water flow is from top to bottom. Re = 1.21 x 10* and the
heap initial mass was 6.2 g.
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Fig. B.6: Pathlines of tracers that migrated to horns of a evolving barchan made of 0.40 mm
< d < 0.60 mm glass beads. The water flow is from top to bottom. Re = 1.21 x 10* and the
heap initial mass was 10.3 g.

x/R

Fig. B.7: Pathlines of tracers that migrated to horns of a evolving barchan made of 0.40 mm
< d < 0.60 mm glass beads. The water flow is from top to bottom. Re = 1.47 x 10* and the
heap initial mass was 6.2 g.
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Fig. B.8: Pathlines of tracers that migrated to horns of a evolving barchan made of 0.40 mm

< d < 0.60 mm glass beads. The water flow is from top to bottom. Re = 1.47 x 10* and the
heap initial mass was 10.3 g.

Fig. B.9: Pathlines of tracers that migrated to horns of a evolving barchan made of 0.40 mm

< d < 0.60 mm glass beads. The water flow is from top to bottom. Re = 1.82 x 10* and the
heap initial mass was 10.3 g.
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Fig. B.10: Pathlines of tracers that migrated to horns of a developed barchan made of 0.15 mm
< d < 0.25 mm glass beads. The water flow is from top to bottom. Re = 1.21 x 10* and the

heap initial mass was 6.2 g.
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Fig. B.11: Pathlines of tracers that migrated to horns of a developed barchan made of 0.15 mm
< d < 0.25 mm glass beads. The water flow is from top to bottom. Re = 1.47 x 10* and the

heap initial mass was 6.2 g.



133

| o 2.0R
’| | B 1.5r
' T 1.65R
~
~
P
| {1508
1.35R
| 35
I ‘ ‘ 1.2R
_2 _1 0
z/R

Fig. B.12: Pathlines of tracers that migrated to horns of a developed barchan made of 0.15 mm
< d < 0.25 mm glass beads. The water flow is from top to bottom. Re = 1.82 x 10* and the
heap initial mass was 6.2 g.
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Fig. B.13: Pathlines of tracers that migrated to horns of a developed barchan made of 0.40 mm
< d < 0.60 mm glass beads. The water flow is from top to bottom. Re = 1.21 x 10* and the
heap initial mass was 6.2 g.
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Fig. B.14: Pathlines of tracers that migrated to horns of a developed barchan made of 0.40 mm
< d < 0.60 mm glass beads. The water flow is from top to bottom. Re = 1.47 x 10* and the

heap initial mass was 6.2 g.
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Fig. B.15: Pathlines of tracers that migrated to horns of a developed barchan made of 0.40 mm
< d < 0.60 mm glass beads. The water flow is from top to bottom. Re = 1.82 x 10* and the

heap initial mass was 6.2 g.
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Fig. B.16: Pathlines of tracers that migrated to horns of a developed barchan made of 0.40 mm
< d < 0.60 mm glass beads. The water flow is from top to bottom. Re = 1.21 x 10* and the

heap initial mass was 10.3 g.
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Fig. B.17: Pathlines of tracers that migrated to horns of a developed barchan made of 0.40 mm
< d < 0.60 mm glass beads. The water flow is from top to bottom. Re = 1.47 x 10* and the

heap initial mass was 10.3 g.
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Fig. B.18: Pathlines of tracers that migrated to horns of a developed barchan made of 0.40 mm
< d < 0.60 mm glass beads. The water flow is from top to bottom. Re = 1.82 x 10* and the
heap initial mass was 10.3 g.
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