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Abstract. Sediment transport is studied as a function of thel Introduction

grain to fluid density ratio using two phase numerical simu-

lations based on a discrete element method (DEM) for partiDespite a wide literature, some fundamental aspects of sed-
cles coupled to a continuum Reynolds averaged descriptiofiment transport in turbulent flows are still only partly under-
of hydrodynamics. At a density ratio close to unity (typically Stood. In particular, derivations of transport laws, relating the
under water), sediment transport occurs in a thin layer at th&ediment flux to the flow velocity, have a strong empirical
surface of the static bed, and is called bed load. Steady, o@r semi-empirical basis (see e.g. among many othenger-
‘saturated’ transport is reached when the fluid borne sheaPeter and Mulle(1948, Ribberink (1998, Camemen and
stress at the interface between the mobile grains and thkarson(2009, Greeley et al(1996, Iversen and Rasmussen
static grains is reduced to its threshold value. The numbef1999, Kok and Rennd2009 and references therein), thus
of grains transported per unit surface therefore scales as th@cking more physics-related inputs. Also, the dynamical
excess shear stress. However, the fluid velocity in the transmechanisms limiting sediment transport, in particular the
port layer remains almost undisturbed so that the mean graifole of the bed disordeQharry 2006 and turbulent fluctua-
velocity scales with the shear velocity. At large density ra-  tions (Marchioli et al, 2006 Baas 2008 Le Louvetel-Poilly

tio (typically in air), the vertical velocities are large enough €t al, 2009, remain matter of discussion.

to make the transport layer wide and dilute. Sediment trans- Here we investigate the properties of steady homogeneous
port is then called saltation. In this case, particles are abléediment transport using a novel numerical description of
to eject others when they collide with the granular bed. Theparticle-laden flows, using two-phase numerical simulations
number of grains transported per unit surface is selected bpased on a discrete element method for particles coupled to
the balance between erosion and deposition and saturation fscontinuum Reynolds averaged description of hydrodynam-
reached when one grain is Statistica”y rep|aced by exacﬂy-CS. In particular, we examine the transition from bed-load to
one grain after a collision, which has the consequence thagaltation by studying the influence of the grain to fluid den-
the mean grain velocity remains independent of The in-  Sity ratiop,,/ps. A similar approach has recently been used
fluence of the density ratio is systematically studied to re-to study the onset of aeolian saltatid@afneiro et al.2011).

veal the transition between these two transport regimes. Fi1his paper mostly summarises the talk addressing these ques-
nally, for the subaqueous case, the grain Reynolds number i##0ns, given at the workshopABADYN, Institut de Physique

lowered to investigate the change from turbulent and viscouglu Globe de Paris, 57 November 2012. More details on this
transport. work, as well as a more developed bibliography on the sub-
ject, can be found iuran et al(2012).
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Table 1. Units used in the model, expressed in terms of the grainand Archimedes forcegfgrag and fﬁrch, respectively. The

density (), the fluid density 4 ¢), the gravity g) and the mean  [ift force, lubrication forces and the corrections to the drag

grain diameterd) force (Basset, added-mass, Magnus, etc.) are neglected, as

they do not have any qualitative influence on the results pre-

sented here.

General:  length d Drag force— We hypothesize here that the drag force ex-
acceleration 8 erted by a homogeneous fluid on a moving grain only de-

Sgg éit f/’/% pends on the difference between the grain velogityx, z)
yv 8 and the fluid velocityu(z) at grain’s height;. Introducing
Particles:  angular velocity Jg/d the Reynolds numbek,, based on this fluid-particle velocity
massn %ppd3 differenceRr, = |u —u?|d /v, the drag force can be written
moment of inertial md? under the form
force f mg .
contagt stiffnesg mg/d fgragz gpfdzcd(Ru)lu —u”|(u—uP) 2)
damping constant mi/g/d
Fluid: shear stress (op —pf)gd where C4(R,) is the drag coefficient. We use the follow-

ing convenient phenomenological approximat©nR,) =
(VCF + RLC,/R,,)2 (Ferguson and Churgt2004). C5° ~

2 The model 0.5, is the constant drag coefficient of the grain in the tur-
bulent limit (R, — o0). R, >~ 24 is the transitional Reynolds

The idea s to use a continuum description of hydrodynamicsnumber below which the drag force scales linearly with the
averaged at a scale larger than the grain size. This means thgé|ocity difference.

the feedback of the particles on the flow is treated in the mean Archimedes force— This force results from the stress
field manner. This method allows us to perform very long which would have been exerted on the grain, if the grain had

numerical simulations (typically 1000d/¢), using a (quasi)  been a fluid. Thus,
2D large spatial domain (typically 15000 spherical grains in

axyz box Qf respective dimensions 100& 1d x 1000d),' CfR = T Bdive (3)
while keeping the complexity of the granular phase. Periodic 6

boundary conditions are used in thgflow) direction. We x 3 ) s f ‘o

will now detail the different ingredients of the model — see Wheregd” is the grain volume and;; = —p/ é;j +7;; isthe

table1 for notations. undisturbed fluid stress tensor (written in terms of the pres-
surep’ and the shear stress tensgj;r). In first approxima-
2.1 Forces on particles tion, the stress is evaluated at the center of the grain.

The grains have a spherical shape and are described by thet2 Hydrodynamics and coupling

position vector, velocityu and angular velocityw. A given

grain labelledp inside a fluid obeys the equations of motion, In the presence of particles occupying a volume fraction
¢, the hydrodynamics is described by the two-phase flow

du? ; S
m—- = mg+ Z P+ fﬁuid Reynolds averaged Navier-Stokes equations:
q
f
dew? d pr(1—¢)Du; = =3 p! +pr(l—¢)gi+9;7, —F (4)
J]—— = — p.q p.q 1 J
- =3 ;n xf (1)

where Du; = d;u;+u ;d;u; denote the fluid inertiacif. is the
whereg is the gravity acceleration], = md?/10 is the mo-  total shear stress tensor resulting both from viscous diffusion
ment of inertia of a spheref?-4 is the contact force with  of momentum (viscous stress) and transport of momentum by
grain g, n”- is the contact direction, angff’l’uid encodes turbulent fluctuations (Reynolds stresB)is the body force
forces of hydrodynamical origin. exerted by the grains on the fluid. In the steady and homo-

We model the contact forces following a standard ap-geneous case investigated here, These RANS equations sim-

proach for the modeling of contact forces in MD codes (seeplify into
e.g.DEM book (2011 and references therein), where nor-
mal and tangential components are described by spring dast=?’ = —prg. (5)
pot elements. A microscopic friction coefficient is also intro- asz = F,, (6)
duced but cohesion is neglected. For simplicity we assume
that the net hydrodynamical forcg”ﬁuid) acting on a grain  where we noter/ = r,{; the fluid shear stress, and later on
p due to the presence of the fluid is dominated by the drag: = u, for the fluid horizontal velocity.
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Fig. 1. Vertical profiles of the rescaled volume fracti@fy ¢y,
flow velocity ut = u/us, mixing length ¢+ = ¢/d, fluid borne
shear stress/+ =/ /p ru2, viscous shear stresd T = v9.u/u2
and turbulent shear stresé ™ = (€3,u)2/u? (by definitionz /+ =
er+ + rtf+). The reference height= 0 is set at the altitude such
thatg = b2

The coupling termF can then be obtained by averaging
the hydrodynamical forcg¢ ]{l’uid acting on all the grains mov-
ing around altitudez, in a horizontal layer of area and
thickness d:

()

> ff’.’uid>-

pefziz+dz)

1
F(Z):A_dz<

We take forA the total horizontal extent of the domain (i.e.
100Q1 x 1d). The symbols(.) denote ensemble averaging.
Here, we retain ita-component only, which simplifies into

F = 1‘_’4¢< > fd”ragx> / X @
pefz;z+dz} pefz;z+dz}
where the grain’s volume fractianis defined as
bo=1r Y & )
% pe(ziztdz)

Eq.6integrates as/ (z) = p;u2 —t7(z), where we have in-
troduced the shear velocity,, defined by the undisturbed

(grain free) wall shear stress, and the grain borne shear stre

P, computed from the integration d8)over sufficient ver-
tical extension to count all moving grains.

www.adv-geosci.net/37/73/2014/

75

In order to relate the fluid borne shear stress to the average
fluid velocity field, we adopt a Prandtl-like turbulent closure.
Introducing the turbulent mixing length we write

tf = p v+ £210,ul)d,u. (10)

v is the viscosity (a constant independent of the volume frac-
tion). As for the mixing lengti?, we know it should vanish
below some critical Reynolds numb®&¢ and should be equal

to the distance to the surfagefar above the transport layer.
To avoid the need of a somewhat arbitrary definition of an
interface between he static and mobile zones of the bed, we
propose the differential equation

semfs-onf £ ()]

wherex ~ 0.4 is von Karman’s constant. We have checked
that, in the case of a turbulent flow over a smooth and flat
surface (no grains), we recover the prediction computed with
the phenomenological expression for the mixing length sug-
gested by van DriestPope 2000, which reproduces well
classical experimental results. Comparison to measurements
determines the dimensionless paramdtgr- 7. Other em-
pirical expressions for the exponential term in B4, e.g.

exp(— [R—lc (%)]y> with other values of’ give qualitatively
similar results.

Starting integration deep enough in the static bed to be in
the asymptotic limit that can be analytically derived, we ob-
tain the different hydrodynamical fields. They are displayed

in Fig. 1, in the case of subaqueous transppp/fo s = 2).

(11)

3 Sediment flux

Steady and homogeneous sediment transport is quantified
by the volumetric saturated fluyg;, i.€. the volume of the
particles (at the bed density) crossing a vertical surface of
unit transverse size per unit time. It has the dimension of a
squared length per unit time. In the simulations, we compute
it as
goat= ~— 2 d®Y u? a2)

sa Agy 6 e >
A key issue is the dependenceggf;on the shear velocity or,
equivalently, its dimensionless counterpart the Shields num-
ber®, defined by
pru?

O=—-7"*
(op —pr)ed

(13)

which encodes the strength of the flow. The two other

anin control dimensionless parameters of the simulations

are the already mentioned density ratig/ o » and the grain
Reynolds numbeR =d/v./(pp/ps — 1) gd. Most of the

Adv. Geosci., 37, 832014



76 O. Duran et al.: Turbulent and viscous sediment transport — a numerical study

1.6 - (a)
14 -

4

1)gd

0.8

Pp
(52—
[\

0.6 —

(sat /d

0.4

0.2 — (a)

0 “ I I I I I \ 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
@3/2

0.07 ' N N w w x x x \

0.06 1 (2) /14

0.05 -

1)gd

0.04 —

(2 -

0.03

(sat /d
—_
o
o

0.02 -

z/d

0.01 —

0 T T T T \ 10
0 0.01 0.02 0.03 0.04 0.05

©

Fig. 2. Rescaled saturated flyxay/\/(pp/p  — 1) gd® versuse®/2

for water(a) and® for air (b). Full lines are the predictions given
in the text. 0
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simulations presented here have been performeR ferl10, Fig. 3. Vertical profiles of the fluid borne shear stradsfor differ-
except in section 6 where the viscous regime is investigateent values of the shear velocity ratj@®/®, (see legend), in water
with R = 0.1. (a) and air(b).

We show in Fig.2 the saturated flux in both cases (wa-
ter and air). In agreement with experimental observations
(e.g.Meyer-Peter and Miillef1948, Ribberink (1998, La- 4 Mechanisms at work within the transport layer
jeunesse et a(2010, Rasmussen et 1996, Creyssels et
al. (2009), we find thatgss: Scales asymptotically a8 (or Bed load and saltation mainly differ by the vertical character-
u2) for saltation, whilegsat Scales a®%? (or u3) underwa- istics of the transport layer. At small density ratios the motion
ter. This figure also reveals the existence of a threshold sheasf grains is confined within a thin layer of few grain diam-
velocity below which the flux vanishes. More precisely, we eters. By contrast, for large density ratios, grains experience
define the dynamical threshold Shield numker from the  much higher trajectories: the transport layer is much wider
extrapolation of the saturated flux curve to 0, which gives inand the flux density decreases exponentially with height with
our case®, ~ 0.12 for water p,/pr = 2) and®,; ~0.004  a characteristic size of the order ofg0roughly indepen-
for air (o,/pr = 2000), respectively. These values are con-dent of the shear velocity. The transport layer thickness is ef-
sistent with experimental ones within a factor of 2 (see thefectively determined by the hop length fpp /o 2 10. Be-
data gathered in the review Bluran et al(2011)). low this cross-over value, this thickness is given by the grain
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diameterd, as trajectories are almost horizontal. The tran- These quantities are plotted as functions of the Schields num-
sition from bed load to saltation therefore takes place wherber in Fig.4. A scaling lawn o« ® — ©, is well verified over
the vertical velocities of the particles are sufficiently large for two decades, independently of /o r. By contrast, the den-
these particles to escape the traps formed by the grains on theity ratio has a strong effect @#. The mean grain velocity
static bed. is independent o® for largep,/p s (aeolian case), whereas
Another difference between bed load and saltation is howit varies linearly with the fluid shear velocity at low density
the grain’s feedback on the flow is distributed within the ratio (sub-aqueous case). Interestingl¥, remains finite at
steady state transport layer. FRjpresents the vertical pro- the threshold, at a value independentogf/ o ;. These be-
files of the fluid shear stress, rescaled by the dynamicahaviours are in agreement with experimental findings in the
thresholdr; = ©4(p,/pr—1)gd (as defined by the saturated case of bedload @jeunesse et al2010.
flux), for different shear velocities. For bed load (F&n), We can derive these scaling laws from simple models.
the different profiles of the fluid shear stress seems to conFollowing Bagnold’s original ideas for the case of bedload
verge to the threshold value very close to the surface Q). (Bagnold 1956, we write the grain born shear stres’ as
In this transport layer, the fluid momentum decays over fewproportional to the moving grain densityand to the drag
grain sizes, in agreement with the vertical extension of theforce f; acting on a moving grain. As these grains are in
transport layer. By contrast, the fluid shear stress is belowsteady motion,f; balances a resistive force due granular
the threshold in the bed; < 0) but some (weak) transport friction, collisions with the bed, etc. These different dissi-
still occurs there, which is sustained not by the fluid itself pative mechanisms can be modeled as an overall effective
but by the momentum transferred to the surface by grain col{riction force characterized by a friction coefficien, lead-
lisions. ing to fy = Fralop — pf)gd3. Saturation is reached when
This general picture is still valid for saltation (Figb), the fluid shear stress equals the transport threshold at the
however now the dynamical threshold is reached much farsurface of the static bed, i.e. wherf = ,ofui — 14, With
ther from the surface (at>~ 10d) which implies that the ki- ;= ©4(p0,/pf —Dgd = ,ofufl. As consequence, the num-
netic energy of impacting grains is large enough as to susber of transported particles per unit area is solely deter-
tain the transport below this height. Above it, the transport ismined by the excess shear stress: (,ofuf —14)/fa. As-
driven by the fluid and most of its momentum is dissipatedsuming that the transported grains do not disturb the flow,
in a much larger layer (comprising tens of grain diameters)the flow velocity around grains must be proportional to the
again in agreement with the size of the saltation layer. Noticeshear velocity, so that/u; = /©/®,. One can then de-
that although this surface sublayer below/igbntains most  duce:it? = uy (/O/O4 — /1 /1ts), Whereu; is a friction
of the grains, it still represents a small fraction of the overall coefficient characterising the drag force necessary to set into
transport layer. motion a static grain. This predicts that the grain velocity
An important consequence of this distinction in the ver- does not vanish at the threshold, if friction is lowered dur-
tical structure of the grain’s feedback is that although foring motion (s < us). The velocity at threshold can be inter-
bed load transport is equilibrated when the fluid shear strespreted as the velocity needed by a grain to be extracted from
reaches its dynamical threshold below the transport layerthe bed and entrained by the flow.
this condition is not enough for saltation to equilibrate. For We can proceed in a similar manner for the aeolian salta-
saltation there is a sub-layer where transport is not directlytion regime, following ideas initially proposed b®wen
driven by the fluid and thus its equilibration is not dictated (1964 andUngar and Haf{1987%. The momentum balance
by the threshold. There, the properties of grain’s collisionst? = ,ofuf — 14 still holds, so thatz has the same form as
become relevant and the equilibrium is described by the conin the bed-load case, but with a different effective drag force
servation of the number of saltating grains i.e. when the num-f,, not related to friction anymore but to grain velocities.
ber of grains entering the flow exactly balance those graing-or saltation, steady transport also implies that the number of
trapped by the bed. grains expelled from the bed into the flow exactly balances
those trapped by the bed, i.e. a replacement capacity equal to
one. Due to the grain feedback on the flow, in contrast with
5 Scaling laws bed load, grains in the transport layer feel a flow independent
of the wind strength (see Figb). Thus, new moving grains
The saturated flux can then be decomposed as the producome only from high energy bed collisions. Since the number
of the numbem of transported grains per unit area by the of ejected grains is a function of the impact energy (or equiv-
mean grain horizontal velocity”: gsai= ¢—lb %d3n121’ Inthe  alently, of the impact velocity), the mean grain veloaity
numerical simulations, we computeandi” as must be constant, independent of the shear velocity, scaling
with uy. In fact, all particle surface velocities also scale with

2 ) ugq, SO thatf, is a constant too, leading agairniiex © — Q4.
_ (Zp“l’) and  @f — 2pty (14) These scaling laws for andi? as functions of the Shields
o Azpu% ’ o Zpu,,' number explain the different behaviour gf.(®) in the

www.adv-geosci.net/37/73/2014/ Adv. Geosci., 37, 882014



78 O. Duran et al.: Turbulent and viscous sediment transport — a numerical study

L 5
: fp/ﬂzf
| o 5
| « 10
s L
1 | A
0.1 : = o 1000
~ 1 < = 2000
3 T Q,
= ] =
] L s,
m] Z .
0.01 - * s y " i
i o
T | ]
\\\\\\‘ \\\\\\‘ 1 O [ [ { { { ‘
0.001 0.01 0.1 1 15 2 25 3 35 4
0 -0, \V/6/64

Fig. 4. (a) Number of transported grains per unit areand(b) mean velocity of these graing as functions of the Shields number for
different values of the density ratjg, /oy (see legend).
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Fig. 5. Saturated fluxa), moving grain densityb) and mean grain velocitfc) as functions of the Shields number for two values of the grain
Reynolds numbeR (the density ratio is kept constant; /o = 2). Filled symbols: data foR = 0.1. Empty symbols: reference data for
R =10, as in Figs2 and4. Solid lines, see text.

sub-aqueous bedload and aeolian saltation cases, as showenmainly due to the behaviour of the mean grain velocity
in Fig. 2. whose scaling with the shear velocity® is not linear any
more but rather quadratic (Figc). By contrast, the linear
scaling of the moving grain density with ® — ®, is still
fairly verified, except close to the threshold (Ftp).

These dependences @f andn on ® are what we can
xpect in the viscous case. In this regime, the flow veloc-
ity at the distancez =d close to the bed ist ~ u2d/v,
so thatu/u; =0®/0,4. From the expression of the drag

6 Viscous transport

We have also investigated the case of sediment transport in
the viscous regime, setting the grain Reynolds number at
small valueR = 0.1 (in comparison tdR = 10 for all other

imulation nd for a water-lik nsity raf =2. . L
simulations), and for a water-like density rajg,/py force in the limit R, < 1, one can then deducei” =

The data displayed in Fi$a show that the sediment flux in- . :
creases more rapidly with the Shields number than in the tur’d (©/©a — ita/4s), whereu, is found proportional to the
bulent case for whiclysai~ ®%?2 above the threshold. This 9" Reynolds numbeR. This relationships is effectively
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surface of the static bed, and (aeolian) saltation at large

o2 pp/py, Where the transport layer is wider and more dilute.
A0 Scaling laws for the density of moving grains, and for the
s oW average velocity of these grains, as functions of the Schields
1 L number are found in agreement with experiments, and sup-

o u° port simple mechanisms at work in steady and homogeneous
BP transport.

ﬁ « 1 s, 0 Further work will be focused on transient situations, in or-
%%A ° 4 u der to study the time and length scales encoding the relax-
S DOD%. ation properties of out-of-equilibrium transport. In particu-

i " e lar, it would be crucial to analyse how bothand uz” in-

1 dividually relax, in order to understand what are the physi-
uP /ORNgd cal mechanisms responsible for the response of the flux to

[ x ] a given flow. Also, it would be interesting to investigate the

case of bimodal or more polydisperse graiR®(ssais and

Lajeunessg2012).
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