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Saltating motion of a bead in a rapid water stream
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This paper experimentally and numerically investigates the two-dimensional saltating motion of a single
large particle in a shallow water stream down a steep rough bed. The experiment is prototypical of sediment
transport on sloping beds. Similar to the earlier experimental results on fine particles entrained by a turbulent
stream, we found that most features of the particle motion were controlled by a dimensionless sheatsiress
called the Shields numbeNg, defined as the ratio of the bottom shear stress exerted by the water flow to the
buoyant weight of the particlescaled by its cross-sectional area to obtain a stréés did not observe a clear
transition from rest to motion, but on the contrary there was a fairly wide rangipftypically 0.001-0.005
for gentle slopesfor which the particle could be set in motion or come to rest. When the particle was set in
motion, it systematically began to roll. The rolling regime was marginal in that it occurred for a narrow range
of Ngy, (typically 0.005-0.01 for gentle slopes-or sufficiently high Shields numbersl§,>0.3), the particle
was in saltation. The mean particle velocity was found to vary linearly with the square root of the bottom shear
stress and here, surprisingly enough, was a decreasing function of the channel slope. We also performed
numerical simulations based on Lagrangian equations of motion. A qualitative agreement was found between
the experimental data and numerical simulations but, from a quantitative point of view, the relative deviation
was sometimes substantieds high as 50%). An explanation for the partial agreement is the significant
modification in the water flow near the particle.
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I. INTRODUCTION To date, since this problem is directly connected to engi-
neering problems encountered in sediment transport in rivers
Dilute turbulent suspensions are common in both indusand oceans, related papers have described experiments in the

trial and environmental contexts. Typical examples includgaboratory, with conditions very close to those prevailing in
heat exchangers, chemical reactors, sprays, dust clouds, pP@ture[8—12]. For instance, natural sediment was used and
ticle jets, sediment transport in rivers, estuaries, and oceang,q gjze of sediment relative to the typical length of the water
fr?(?(;lélOt:/vf)anr?aggfi’ugbuur}gﬁi ﬁ(t)?/;lse't\;g:eh%vvng'?ﬁun I t.'Sfto flow was low. A number of phenomenological relationships
P ! y salls ac_(e.g., the Shields diagram for the threshold of motion initia-

tory theoretical framework for computing the bulk flow . .
properties of these suspensions. In attempts to better unddion [13]) have been derived but the anchorage to the physics

stand the coupling between the continuous and the dispers& the involved phenomena is weak. Here, to supplement and
phases together with the role of turbulence, investigation int@&xpand the early observations, we considered the more basic
the motion of a single particle is of great interest since, mosproblem of the two-dimensional motion of a spherical par-
of the time, it can provide deeper insight into the main physi_tiC|e. In contrast with earlier experiments, we used particles
cal mechanisms involved. The motivation for the work re-whose size was large compared to the flow depth, so that
ported here was the problem of sediment transport in watetheir motion was not fully controlled by the velocity fluctua-
free-surface flowsfor a modern and physical introduction to tions of the turbulent fluid. In doing so, we have introduced
this area, segl]). To that end, we performed extensive ex- the possibility of testing a number of assumptions on the
periments on a basic problem: the motion of a single spherieoupling between the continuous and dispersed phases made
cal particle in a water flow down an inclined open channelin theoretical models of the inertial reginte.g.,[14]). Still,

with a rough bottom. The approach followed here is veryin contrast with earlier experiments focusing on horizontal or
similar to that developed to understand dry granular flowgyently sloping beds, we have examined a fairly wide range of
[2-7]. channel slopes to evaluate the effect of gravity on particle
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FIG. 1. Definition sketch of the experimental setup.

motion. Moreover, we have tested different types of rough- B. The channel
ness to evaluate its impact on both turbulence and particle Experiments were carried out in a tilted, narrow, glass-

motion. _ , sided channel2 m inlength and 20 cm in height. The width

_ In the following, Sec. Il will be devoted to the presenta-\y a5 adjusted precisely to be 1 mm larger than the particle
tion of the experimental facility and techniques. In order t0yiameter so that the particle motion was approximately two
facilitate the interpretation of our results, we will present ayimensional and stayed in the focal plane of the camera.
qualitative overview of our experiments in Sec. lll. This in- Uncertainty on the width adjustment all along the channel

cludes the introduction of a series of relevant dimensionles&as less than 2%. The channel inclination ranged from 0° to
numbers and the description of motion regimes. In this a0 put in practice we restricted ourselves to the range

ticle, we focus particular attention on the saltating regimeoo_120 because for steep slopes the gravity wairel

WE'Ch ‘I’:’_as most often observed in our experimental devicey aeq traveled over the free surface of the water stream,
The rolling regime is described in a companion pafsee which was therefore overly irregular. The channel slope

also[15]). The experimental results on the saltating regime., ;14 pe adjusted very precisely using a screwjack, with un-
will be described in Sec. IV. In Sec. V, we will then Compareé:ertainty less than 0.1%

our data with the predictions of numerical simulations base Figure 1 is a schema of the experimental facility. The
on a simple Lagrangian equation of motion. Comparing EXwater supply at the channel entrance was controlled by an

perimental and numerical results directly without tuning aNYqjactromaanetic flow meter provided by Krohfiranc
adjustable parameter will be emphasized. In Sec. VI, th g P y e ¢

same exercise will be made with the threshold of motionerhe dlsgharge per unit widiranged from 0 t0 0.019 ?‘hs
Uncertainty on the flow rate was less than 0.5%. Typically,

initiation.
this resulted in flow depthis and mean velocities;=q/h of
the order of 0.02 m and 0.5 m/s, respectively; the flow depth
IIl. EXPERIMENTAL FACILITIES AND TECHNIQUES was a few particle diameters. Most of the time, for channel
slopes in excess of 1°, the water flow regime was supercriti-
cal, that is, the Froude number=Fu;/\/gh (whereg denotes
Two classes of spherical particles were used in the experthe gravity accelerationexceeded unity. This also means
ments: glass beads and steel beads. The particle density that the water stream was fully controlled by the upstream
was, respectively, 2500 and 7750 kdg/nBeads were cali- condition on the water discharge; notably, the disturbances of
brated particles whose nominal diametar\2as either 3 mm the free surface caused by the particle could not move far
or 6 mm. upstream and affect the imposed flow rate.

A. Particles
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whereuy is the friction velocity(also called the shear veloc-
ity), k~0.41 is the van Kaman constant, ankét,=4r/3 is the
equivalent size of the roughness. The paramBteras found

to lie in the range 7.6-8.7 fof=1, that is, close to the
typical value of 8.5 given in the literature. Above the loga-
rithmic zone, we observed a blunt transition to a fairly flat
profile, as shown in Fig. 2.

In Fig. 2, the friction velocity was deduced experimen-
tally by measuring the slope of the logarithmic part of the
- R S A velocity profile, which should be equal to,/«x. We com-

Wi pared this value to the theoretical valug=Rygsiné,
’ which only holds for steady uniform flows in very large

FIG. 2. Velocity profile of the water flow for different slopes and channels(i.e., whenRy~h). Since in the present case the
discharges. Measurements performed with a roughness made up sitlewalls were very smooth compared to the bottom, their
regularly spaced cylinders £1.5 mm). The solid line represents influence on the discharge was limited. Thus, although our
the logarithmic profile fitted to the data(y)/us=«"'In(yyo)+B.  channel was narrow, the theoretical value- VR, sin @ pro-

The fitted value oB is tabulated in the figure key. vided a correct estimate of the friction velocity measured at
the channel centerline. The relative deviation between the

The channel base was made up of regularly juxtaposevo values was less than 20%. We also measured the root
half cylinders of equal size. We also used random roughnes§)ean square velocities in the streamwise and cross-stream
consisting of half cylinders of various sizes. We selectecirections,u” andy’. We found that for 0.2.y/h<0.8, the
three sizes of cylinder: their radiusould be either 1.5 mm,  following scalings fitted the data well’=2.3u.e *'" and
3 mm, or 4 mm. We introduced the roughness parameter g = 1.2se” ™", in agreement with empirical relationships
the ratio of the roughness size to the bead radjest/a. In ~ 9iven in the literature for open-channel floyis]. It can be

the present experimental setup, various disturbing ef'fectgom:mde‘j that, despite the unusual features of our experi-

arose. First of all, the relative roughness, i.e., the roughne ental device, the velocity profile and the main features of

size to the depth of flow ratio, was high, implying that thet ei turbulre]nce ?re not too far from those typically observed
. C o ' in large channels.
turbulence was substantially modified by the bottom. More In addition to the velocity profile, we determined the dis-

over, the channel was narrow. the aspect .I‘at.IO, d_efmed as tr?:‘?1arge equation, that is, the relationship between the flow
width-to-depth ratio, was Ies; than 5.. _Thls |mpI|es. that thedepth and the flow rate. In practice, the flow depth was mea-
flow could also be substant'lally mOdIerd' by the sidewalls.1aq by using either a rule placed against the sidewall or
Last, flows were characterized by a fairly low Reynoldsimnage processing and measuring the cross-stream distance
number: indeed, the flow Reynolds number, computed agetween the top of the bottom half cylinders and the free
Re=4Ryu¢ /v, ranged from 2000 to 10 000. In the Reynolds surface. In both cases, uncertainty in the flow depth measure-
number definition, we introduced the hydraulic radiRg ment was large due to gravity and capillarity waves along the
=WH (W+2h) and the water kinematic viscosity= u/p; free surface; typically, uncertainty on the flow depth mea-
(whereps is the water density angd the dynamic viscosity surement was within 0.5 mm. We fitted an empirical Darcy-
In order to verify the existence of a logarithmic velocity Weisbach friction factor to the datayRy) [17]. We ob-
profile in our channel, we measured the velocity profile intainedq= \8/fh\gRysiné, in which f=0.6Re °%, a form

the direction normal to the bottom. To accomplish this, wethat is not too far from the Blasius equation used in open-
used particle image velocitPIV) techniques: a vertical la- channel and pipe hydraulics € 0.223Re °9. The relative

ser sheet was located at the channel centerline and filmed KigVviation between this fitted equation and data was less than
a high-speed video camera Pulnfgrogressive scan TM- 10%, except for large roughness{3 mm), where the rela-
6705AN). The flow was seeded with polyamide particles. Wellve deviation exceeded 40%. From the Darcy-Weisbach
then applied an autocorrelation algorithm to twice exposegduation, we can aiso deduce the approximate relationship
images to obtain the velocity profile with uncertainty lessbetween the mean and friction velocities= \f/8u;. The
than 5%. For the ranges of slopes and discharges tested heféction velocity us is a weakly nonlinear function of the
we found that the velocity profiles systematically exhibited amean velocity and, at high Reynolds numbers, we haye
logarithmic zone near the channel bottom. Depending on the-0.08u; .

discharge and channel slope, this zone extended yghto The motion of the mobile bead was recorded using the
=0.3-0.45. This value is to be compared to the usual valu®ulnix camera described above. Depending on the selected
of y/h~0.2 given in the literaturgl6]. As shown in Fig. 2, picture resolution, the frame rate ranged from(6&solution

the usual logarithmic law for hydraulically rough bottom fit- of 640X 480) to 220 frames per secorcesolution of 640

ted the data well: X 100). Lights were positioned in the back of the channel.

vk,

0.1
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FIG. 3. Schema of the physical system studied here. The panel shows a photograph of a saltatindepaiciaental conditionsg
=0.0086 ni/s, tand=0.1,a=3 mm, glass bead, anf=1). The exposure time was 1/500 s. The water flow was seeded with polyamide,
whose track gives an idea of the fluid velocity field in the vicinity of the mobile particle.

The panel in Fig. 3 shows a typical photograph of the pardifferent locations: 30 cm, 80 cm, and 130 cm from the chan-
ticle motion and the surrounding fluid. An area 20 cm innel entrance. For each location we performed 15 runs with
length and approximately 5 cm in height was filmed. Imageshe same flow conditions. Comparison of the three statistical

were subsequently analyzed using thimaA software, pro-  distributions revealed that the mean velocity was fairly con-
vided by the Traitement du Signal et Instrumentation laborastant.

tory in Saint-EtienngFrance. Resulting uncertainty on the
bead position was approximately 0.5 pixels. Typically, 50 to
200 images were required for each run to obtain a suffi-
ciently long series of trajectories. The instantaneous particle Before detailing the measurements, it may be helpful to
velocity u was computed as the forward difference betweemprovide a qualitative view of the results. To begin with, we
two consecutive positions;: u;(t) =(x;;1—X;)/At, where  will present a series of dimensionless groups that are useful
At was the time between two consecutive frames. Uncerin delineating the flow regimes and describing data. We will
tainty on the displacement of the bead between two frameghen provide an overview of the flow regimes, including a
was 1 pixel. To compute the instantaneous bead velocity, thgiscussion of the physical mechanisms occurring in these
minimum displacement used between two frames was 1fegimes as well as an analysis of the common points and

PiXeIS. Thus the Uncertainty on the instantaneous bead Velogjfferences between the present experiments and similar ex-
ity had a maximum value of 10%. periments.

I1l. QUALITATIVE OVERVIEW OF THE RESULTS

C. Experimental procedure

A single particle was dropped from above into the water A. The physical system

strean 1 m upstream from the measuring window. In order to  Figure 3 depicts the motion of the bead in a water stream
avoid imparting a momentum to the dropped particle, wedown a steep channel along with a schema of the two turbu-
gently introduced it into the channel and a honeycomb cell atent regimegsee above Close to the channel bottom, there
the channel entrance damped its initial velocity. In additionis a region, most often called the wall region or inner layer,
to instantaneous position and velocity values, we paid speh which the typical scale of velocity is the friction velocity
cific attention to obtaining averaged values. To that end, extls. For a steady uniform flow down an infinite plane, the
periments were repeated several times to compute timdriction velocity can be directly inferred from the bottom
averaged and ensemble-averaged values. In order to reduskear stress,: us=+/'7,/p;. The region near the free sur-
the number of experiments required to obtain meaningfuface is a zone with a highly turbulent dissipation rate. The
averages, we were interested in determining the minimunvelocity scale is the maximum mainstream velocity. In the
numbern of runs for which the average valug, computed present paper, the mobile particle travels the two regions and
over then runs did not differ appreciably from the value sometimes can interact with the free surface. This configura-
u,_, computed over th@—1 previous values. We usually tion contrasts with most previous experiments made in
found that the mean velocity converged rapidly toward anclosed conduits or open channels, for which the particle was
asymptotic value. When taking a convergence criterion in theonfined within the wall regiof8,9,11. This clearly implies
form |u,—u,_4|/u,<0.05, we found that the asymptotic that, in the present context, the moving particle experiences
value was reasonably approximated usimg3. Moreover, hydrodynamic actions that may differ substantially in nature
computation of mean values was meaningful provided thend strength according to the bead position. This statement
bead reached a steady regime. To examine whether this comust, however, be tempered because the particle size is suf-
dition was fulfilled, we measured the mean velocity at thredficiently large to modify the turbulence significantly.
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B. Dimensionless groups =rp7-ra2=pfu§. The latter can be expressed aspg(

There is a long tradition and consensus in hydraulics in— Pr)7@°g/3. The resulting ratio is called thghields num-
defining two main dimensionless groups: the Froude numbeper or Shields shear stressNgy=F¢/Fp~p;u3/[2(p,
Fr=Uf/@ and the flow Reynolds number R@'RHUf/V —ps)ag]. If the par'gicle was a block and the expressiqns
[17,18. It should be noted that in a narrow channel the@bove were exact, it WO.U|.d then be expected that motion
Froude number is a function of the flow degithwhile the ~ Would occur when the driving force exerted by the fliie

Reynolds number depends on the hydraulic radys In excegded the tangential' foradfp, V\{here)\ is the friction
addition to the channel slope, other dimensionless groups cdiPefficient, whose magnitude is typically around 0.1. In that
be defined such as the roughness rafio or the roughness @S t.he condition for motion can be expressed in terms of
Reynolds number Re=2u.r/ . the Shields qumber assh>p.1. _In_ the present context, due
Consensus is probably less marked as regards particle mig the large size of the particle, it is probably bett_er to replace
tion, in part because the range of problems and applicationie friction velocityus by the mean flow velocity in the
is very wide. A survey of the literature devoted to turbulentexpression foF;. Nonetheless, since it has been shown that
suspensions, transport of sediment, and granular flows led uke velocitiesug andu; are nearly linearly linked, there is not
to introduce three main dimensionless groups in addition tanuch difference in choosing one or the other. Thus, in the
the channel slopé and the roughness parametesr/a: the  following, we will keep the usual expression of the Shields
Reynolds, Stokes, and Shields numb@iso seq19-22). number.
The particle Reynolds number is Re2ug;,a/v, where Obviously, owing to the large degrees of freedom of the
Ugiip is a velocity scale characterizing the slip velocity of the Studied system, many other dimensionless groups can be
particle relative to the flow. Different expressions can bebuilt, but as they do not really contribute to explaining the
used to define the slip velocity, including the terminal veloc-Physics of our problem, we will no longer dwell on this
ity of a sphere in a quiescent liquid, the averaged or instanSSue.
taneous particle-fluid velocitju,—uy|, etc. For the present
experiments, it seems appropriate to choose the mean C. Motion regimes

particle-fluid velocity|u,—u¢|. Typically we found that in Transport of particles in water is usually classified into
our experiment the particle Reynolds number lay within thethree regimes: rolling/sliding, saltation, and suspension. The
range of 40—4000. same flow pattern was observed in our experiments. The
A convenient way of introducing the Stokes number is topresent results and the large amount of data available on
define it as the ratio of the particle response time to garticle movement enable us to further clarify some impor-
representative time of the surrounding flow:=8f/t;.  tant points in this partitioning.
For small particles at low Reynolds numberg, The threshold of motion initiation marks the limit be-
=2m/(pfus,ip7ra2CD) andt;=alug,, whereCp=24/Rg,  tween incipient motion and rest. In the literature devoted to
is the drag coefficient andh is the particle mass, leading to transport of sediment, this limit is given in the form of a
the well-known expression Stm Us|ip/(67T,LLa2). For large  condition on the Shields numbg23]. As discussed above,
particles at large Reynolds numbers, we assumed that tifer Shields numbers in excess of a critical validy,.
above expression of the particle scale time still held true=f(Re,,0,{), the particle is set in motion. Typically, for a
except that the drag coefficie@ had to be changed. We sufficiently large particle lying on a flat horizontal bottom,
further assumed that the characteristic time scale of the fluilg, . is very close to 0.05 on average, but the range of pos-
was given by the large-eddy passing frequency, thatis, sible values is far wider, approximately 0.02—013,18. At
~0.5h/Uf on average [16]. We then obtained St first glance, the relative success of this formulation in repre-
=8muf/(pf|uf—up|7ra2) in which we assumed tha€, fsent|rllgdthedbe%|nnéng of mo::on of small partlﬁles is sprp(jrlst-)
—1/2 at very high Reynolds numbers amg=|uf—up|. The ing. Indeed, the bottom shear stress Is characterize )

: : - strong spatiotemporal intermittence due to the development
Stokes number is usually interpreted as an indicator of th g sp P b

Bf intense coherent structurés bursting process consisting

coupling between the continuous and dispersed phases. Heg?, periodic sweeps and upward ejections of fluid from the

with Stokes numbers in the range 20—7000, we deduced thaf - sublayer12,24,25. The dynamics of incipient mo-

glcie%a\r,\t,lifrl,eitmonon was not controlled by the fiuid but inter- tion is then probably controlled by the departures from the

These two dimensionless numbers Re and St are used f8€an bottom shear stres§ rather than the mean valug
describe the particle motion and its interactions with the surf Possible explanation for this success is related to the fact
rounding fluid. The third dimensionless group was intro-that the bursting period mainly depends on the friction ve-
duced to differentiate the cases where the grain is movingpcity us for a flat bottom[26]. Thus, as7,=uZ and 7,
from the cases where it is at rest. For small particles relative: ug, the beginning of motion is controlled by the Shields
to the flow depth, a dimensionless group can be formed byumber whatever the actual mechanism of entrainment. In
comparing the force exerted by the flqim the streamwise the present case, since the bottom is corrugated and the par-
or upward directiojp to the buoyant force. The former is ticle size is large, incipient motion mainly results from the
approximated as the product of the bottom shear stress arndss of equilibrium of the particl¢27,28. In this case, the
the particle surface exposed to the stream, thatFis, main hydrodynamic force responsible for motion initiation is
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=TT T T T T T ments. A key feature in the diagrams in Fig. 4 is that we did
(@ 9] ™ nomotionobserved 1

QO 0O

6 motion obsorved ] not observe a sharp separation between the flow conditions
(rolling and/or saltation) ] for which motion occurred and those for which no motion
was observed. On the contrary, for a given channel slope and
bed roughness, it was possible to define a lower bound of the
] Shields number, below which we never observed motion,
1o measurement and an upper limit, beyond which motion systematically oc-

o]
1

0.008 =
0.007- 8
0.006-. g
d [0}
5 00051 g
goos el TRl ] curred. In between these two limits, the particle came to rest
. i or was set in motion depending on the flow conditions and
] Py upper bound (Eq. 8) 7] the history of the particle motion. For instance, when a par-
0.002 1 . ticle was primarily at rest, it could be set in motion by in-
0.001 .l i creasing the flow rate beyond a critical valag but if we
o000 1 lower bound (Bq. 9)  ™“~._ 1 then decreased the flow rate, we had to drop it to a value
000 002 004 006 008 010 012 014 016 015 020 g,<q; for the motion to cease. The two limits for the thresh-
tan 6 old of motion reflect a kind of hysteretic behavior of the
particle (it is not a pure hysteretic behavior since the thresh-
old of motion is also influenced by turbulence fluctuations
This hysteretic behavior is fairly well understood in the con-
text of grain avalanchege.g., seg7]), where it has been
shown that, for the trapping effect of the roughness to be
] efficient, the kinetic energy of the particle must be low. Fig-
ure 4b) shows that the bed roughness significantly influ-
enced the value of the critical Shields number, in agreement
with the earlier investigations of Fenton and Abbf28],
who showed that the critical Shields number depends on the
. degree of exposure of particles to water flow.
] We systematically observed in our experiments that, when
the particle was set in motion, it began to roll and/or slide
over the bottom roughness. When the water discharge was
increased, we observed that the particle could undergo mi-
croleaps, notably when it passed from one half cylinder of
the roughness to another one. This motivated us to give a
¢ more precise definition of the rolling motion. Hereafter,
o . : “rolling motion” refers to the motion of the bead in sus-
FIG. 4. Threshold of motion initiatiorta) Diagram Nsp, 6) in tained contact with the bed; when colliding with a bed par-

which experimental conditions for which motion was observed or

not are reported. The solid line represents the limiting flow condi—t'de’ the moving bead sometimes underwent a microleap,

tions, below which the flow depth is less than the particle diameterVh0S€ typ|c_al length Was_less than the bead radius/hen
(b) Diagram (Ng,,¢) in which experimental conditions for which the water discharge was increased further, we observed that
motion was observed or not are reported. the microleaps substantially grew in size so that the motion
of the bead consisted of a succession of rolling and jumping
the drag force. Due to the dependence of the velocity field ophases. Finally, when the water flow rate was sufficiently
the friction velocity, the drag force is a function af and large, the particle no longer rolled but was saltating along the
thus it is still expected that the threshold of motion can bebed. We found few reports in the literature studying the
expressed in terms of the Shields number. Figure 4 shows thmechanism of the transition from rolling to saltating regimes.
threshold of motion as a function of the Shields stress andh the absence of a water stream, that is, when the surround-
channel slopgsubplot (a)] or the bed roughnessubplot ing fluid is air, Anceyet al.[6] have shown that the centrifu-
(b)]. It was not possible to explore all the spadésf,tan6) gal force could be responsible for the takeoff of the bead.
because we focused our attention on flows for which the flonGordonet al.[30] put forward the same idea in the case of a
depth exceeded the particle diameter. Here this required thabft plastic ball saltating in a water stream over a rough
the Shields number exceed a critical valudg, horizontal bed. The fact that saltation is observed for a wide
=sin 0 (py/ps—1)(1+4a/B)]. The corresponding curve is re- range of particle shapes and bottom roughnegses, sand
ported in Fig. 4a) (solid line). Note that here the critical and grave[11,31) leads us to think that the centrifugal force
Shields number is much lower than the value given initiallyis probably not the only mechanism in the takeoff of rolling
by Shields and subsequent auth@rsthe range 0.04—0.06 particles. Another possible mechanism is related to the role
[13,23). This seems to be an effect of the particle geometrnyplayed by collisions in the distribution of momentum. When
since most authors worked with natural irregular particleghe rolling bead impacts a bed particle, there is a momentum
(sand and gravel Experiments performed by Coleman with transfer from the downstream direction to the upward direc-
beads(quoted in[29]) provided values of the critical Shields tion. The resulting upward impulse is usually balanced by the
number in the range 0.002-0.1, consistent with our experiparticle’s own weight and the drag force exerted by the fluid.
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. . : : - saltating regime as a function of the reduced Shields number for
rolling regime as a function of the Shields number. The dashed "n%ifferent rouahnesses
represents the upper bound of the critical Shields number above g '

which the particle was systematically in motion. ) )
the reduced Shields number for different roughnesses. As for

. . Proniing » the proportion of saltating particleBsiation Was
In this respect, the microleaps that we observed can be Se%'émputed as the ratio of the time during which the particle

as the result of the competition between these forces. In 8 4'in saltation to the total duration of the experiment. The
attempt to quantify these me_chanlsms crudely, we can eStlélrge scatter in the data reflects the relatively large fluctua-
mate that the order of magnitude of the upward collisionak;q s iy the transition from one regime to another. The data
force isF,,cemuyx, wherey~u,/(2a) is the collision rate  nevertheless define trends, which can be approximated by the
ande is the coefficient of restitution. Thus we obtdfy,,  naked eye as follows. The larger the roughness paranjgeter
ocemTﬁ/(Zr). Using the fact thau,*ug in the rolling re-  the narrower the range of, for which a rolling regime
gime, we deduce th&tupocmug, Then, if we try to compare occurs and the more rapid the transition from the rolling to
this force to the buoyant force exerted on the particle, oncéhe saltating regime. For instance, o+ 1/2, the full rolling
again we find a dimensionless number, whose expression fegime occurred in th&, range 0.3—-1.5, while fof=4/3 it

very close to the Shields number expression. This means tha@s not observed at all. When we used a roughness made up
the transition from the rolling regime to the saltating regimeof randomly sized half cylinders, we observed that the par-
should be controlled by the Shields number. Figure 5 show$cle began saltating fof,, >0.7. Similarly, Fig. 7 shows the
the proportion of rolling and saltating particles depending oninfluence of the channel slope on the transition between the
the Shields number. In this figure, the proportion of rolling rolling and saltating regimes. For bed slopes in excess of
particlesP, i,y Wwas computed as the ratio of the time dur-

ing_which thg particle rolled_ to the Fotal duration of t_he ex- I PPV ——— +'+h'g+ﬁﬁ'm "
periment. It is clearly seen in this figure that the rolling re- i-*r 2 -1
gime took place for a narrow range of Shields numbers. For 1 [% =' 2
Shields numbers in excess of 0.004, there was first an abrug 0.8+ DDDEI = 4 -
decrease in the proportion of rolling particles and then ) %IZFED
Proiing flattened out and tended toward zero for large i
Shields numbers. Typically, for Shields numbers in excess of
0.03, one can consider that the particle was in saltation mos § . O tand=0.02
of the time. We also examined the influence of the channek. 0.4+ = O tanf=003
slope and bed roughness. In order to understand how thes ] B tand=005
two parameters affect the particle motion, it is more interest- +0O + tanf=0.075
ing to describe the regime occurrence relative to the thresh  **7 - A tanf=01 7
old of motion. 1 + A tnf=015

In the following we introduce a reduced Shields number, oo = o © @nd=02 |
called the transport stage in the following form: T, i ' - "
=Ngp/Ngh in which Ng;, . corresponds to the upper bound T

of the Shields number for motion initiation, so thef >1

means that the particle is definitely moving whilg <1 FIG. 7. Empirical probability of observing the particle in the
means that it is at rest or it can be set in motion. Figure Galtating regime as a function of the reduced Shields number for
shows the proportion of saltating particles as a function offifferent channel slopes.
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sz IS N A L A B ¥ Wl ] FIG. 9. Variation in the leap length as a function of the scaled
010 [ - . ol Shields stress tafi” “*Ngy,.
-0,15 4 | % % / % -
o020 : . . . . mass center were made dimensionless by dividing by the
00 o1 02 03 04 05 particle diameter. Typically the leaps shown therein are ap-

Hino/(5) proximately 10 particle diameters in length and 1 particle
diameter in height. Surprisingly enough, the trajectory shape
is fairly smooth and is apparently not affected by turbulent
variations in the surrounding fluid. As seen in Figc)8 the
average shape is nearly parabolic and, when scaled by the
jump length and height, the experimental trajectories define a
single curve. On average the trajectory is nearly parabolic,
implying that the streamwise and upward components of the
particle velocity vary linearly with time. This is clearly
shown in Fig. 8b) for the upward component: variations in
00+ . this component with time are sawtooth shaped. Each tooth is
% @ e o o composed of a rapidly rising part corresponding to the effect
’ of bed collisions and a slowly decreasing part when the par-
FIG. 8. Sample of trajectories of a glass bead. ExperimentaFiCIe comes closer to the free surface and then goes down FO
conditions: q=0.0086 ni/s, h=20 mm, tar¥=0.05, a=3 mm  the bed. In the case of the upward component, the trend is
(glass beadsand¢=23/2. (a) Trajectories reported in a dimension- €SS marked because of the large fluctuations in the variations
less form,(b) variation in the downstream and cross-stream com-Of this component. This produces the striking result that the
ponents of the particle velocity as a function of the particle positionfésulting hydrodynamic force acting on the particle is on
and(c) scaled trajectories. In panéd) the solid line represents the average constant.
parabola of the equatiop= —17.05- 12.47+24.12/x+0.51 (fit- From an analysis of particle trajectories similar to what
ted from experimental data was presented for Fig.(&, we can deduce the geometrical
statistical properties of the trajectories according to the flow
10%, the rolling regime was not observed, thus, as soon asonditions. The computed geometrical properties include the
the particle was entrained by the stream, it started to jumpverage(calculated by using the procedure explained in Sec.
away from the bed. For the slope range 0—10 %, for which & C) and the standard deviation of the leap lengths and
transition from a rolling regime to a saltating regime washeights. Examination of the length and height histograms
observed, no clear trend could be drawn from Fig. 7 as reshowed that a Gaussian probability distribution fitted the
gards the slope effect on the regime transition. For this rangdata well, but other bell-shaped probability distributions
of slopes, the transition occurred systematically in the rangenatched the data as well. Admitting that the main dimen-

(©) 104

08

0.6

1.2-5. sionless number controlling the trajectory features is still the
Shields number, we examined variations in the dimension-
IV. THE SALTATING REGIME: EXPERIMENTAL less lengthl; and heighth; of jumps depending on the re-
RESULTS duced Shields number, channel slopes, and bed roughness.
- ) . ) We found that when we scaled the dimensionless shear stress
A. Statistics of saltation trajectories by tan#*5, almost all the data fell onto a single master curve

Typical examples of saltation trajectories are reported insee Figs. 9 and 10This means that the bed roughness had
Figs. 8a) and 8b), giving the variations in the velocity com- no influence on the jump size. The jump size increased when
ponents as a function of time. The coordinates of the particlincreasing the ratidNg,/tan9*°. The length increased very
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3.0 T T T T T an impact for different series of leaps. Although the video
. o camera ran at high speéapproximately 200 frames per sec-
254 roughness: ond), it was nearly impossible to find an image at the time of

g 2::/3 a A ] the impact. Thus, most of the collision features had to be

204 A random o J extrapolated from the changes in the trajectories. Another

difficulty was that, during a collision, there was a change in
both the linear and rotational momentum, but we had no
precise measurement of the rotational velocity before and
after the collision. It follows that we can infer from the re-
o corded images only the angle of contgctthe angle that the

T line joining the half cylinder center to the point of contact
. makes with the normal to the bedhe take-off angler, and
the coefficients) of restitutione. The two angles were esti-

1.0 4

0.5 -

00 . i . : . mated by evaluating the direction that the normal and
0.10 0.15 020 025 streamwise components of the velocity just before and after
N,, fan6™ the impact made with respect to a line perpendicular to the

FIG. 10. Variation in the leap height as a function of the scaledbed' Here the coefficient of restituti@was computed as the

Shields stress tafi ¥*Ng,. ratic_> qf the veIoci_ty norms before an_d after the impact. The
statistical properties of the three variablés o, ande were

quickly and in a nonlinear way with the Shields numbers:then evaluated for different channel slopes and flow condi-

|,~626@NZ“. In contrast, the master curve for the jump HONS:

height is much noisier, especially for the highest values of A striking fgat_ure of our experiment is the angle of con-
the ratioNg,/tang*5; the general trend can be described bytact¢ fognd within a narrow range gompared to the range of
the power-law functior’nj~86aN§'hS4. Probably the best ex- geometrlca_ll_y pc_)ss!ble_values arcs"i_’i’ (1+9)]. Moreover,
planation for this data scattering around the master curve i@e_pr_obab_lllty distribution (.)T‘i’ was _sllghtly affected by th_e
variations in the flow conditions. Figure 11 shows a typical

that for large values oilg,/tan#*® the particle came closer ; L
to the free surface and thus the jump height was bounded _aled histogram of the incidence angle for two values of the

the flow depth. Despite this crucial difference between ou |rro1en5|onless shear stress: the angle ranges Frdl@® to
experimental configuration and those used in earlier investi?’5° an? the most probable values were in the range
gations[32], the overall trends of the variations in the jump 15 _35 - Similarly, the take-off angle: was found to b?
size with the Shields number are very similar qualitatively.ne‘;jlrly _mdependent of the flow rate.o It ranged frpm 2:." to
However, from a quantitative point of view, all the relation- 8/_» With @ mean value close to 65°. Its probability distri-
ships given by the various authors differ. For instance, Le@ution was close to an exponential distribution. No correla-
and Hsu[32] found thatl ;= 392a(Ng,—0.0260 78 with no tion was found between the quence and .tak.e—off angles.
effect of the channel slolpe in the range 0.002-0.023, while It was found that the coefficient .qf restitution was also
van Rijn gavel, ~200a(Ng;— 0.05)° [33]. slightly dependent on the flow conditions. This can be seen
! as surprising at first glance but, in fact, this is consistent with

the recent studies of Zengt al.[34], Joseplet al.[35], and
Gondretet al. [36] on a colliding sphere against a wall im-

In order to study the collisional interaction of the particle mersed in a Newtonian fluid. These authors have shown that
with the bed, we selected a few images just before and aftehe coefficient of restitutioe is an increasing function of the

B. Statistics of collisional interactions with the bed

30 T T T T T T T T =]
772N, = 0.25 Z
N, =043 — % {% N
20— -
2 _ | FIG. 11. Histogram of thep
§ | values for two values of the
% channel bottom Shields stress. Experiments were
e ol i performed for two values of the
% Shields number.
) |
0 1 ) v 1 L)
0 10 20 30 40
9
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60

L e e B B B L i e much larger thamg when the particle is large83]. He found

DZAN, =023 ] A=9+0.86logor(pp—pr)gdiu 2, which here givesA
04 [N, =043 ] - = 14.6 andA=15.2 for steel beads. He.re. a possmle.expla—
] ! nation for the enhancement of the coefficieAtandug ; lies
104 i in the fact that the channel was narrow. This affected both
% ] the water drag on the particle and the water velocity near the

particle. To quantify these effects, we performed further ex-
periments. The first experiment involved measuring the set-
tling velocity of the particle in our channéfilled with tap
204 . water and in a horizontal positipriThe drag coefficienfsee
Eq. (6)] is directly linked to the settling velocity s by

30+ -

frequency (%)

104 % 4 Cp=8(pp—pr)ad/(3p;U,s). We found that for Rg>1000
] %_I g ] the drag coefficient was close to 0.95, that is, a value twice
o % 7 as high as the value usually found for a sphere in an un-
00 01 02 03 04 05 06 07 08 09 1o 11 1z 13 14  bounded fluid. In the second series of tests, we measured the
e variation in the mean water velocity close to the moving

particle. For shallow flows, we observed a significant in-
FIG. 12. Histogram of the values for two values of the Shields regse in the flow depth near the particle. For the range of
stress. Experiments were performed for two values of the Shield§|Opes and flow rates tested here, we found that the relative
number. increase induced by the particle wadh=2.1exp
[—1.7éh/(2a)]. However, despite this increase, the flow
Stokes number, with first a rapid increase from 0 teef 9,  cross section close to the particle was lower than when far
wheree,,, is the maximum value, when the Stokes numberaway from the particle. Thus, from the flow rate balance, we
is increased from 1 to 1000, and then a much slower increaggeduced that the mean flow velocity was increased by 15%
for Stokes numbers in excess of 1000. The coefficient ofo 30% near the particle.
restitution tends asymptotically toward the maximum value As shown in Fig. 18), the experimental curvesugﬂp)
emax. Here, for our flow conditions, the Stokes number wasdrawn for different values of the channel slope are nearly
high, implying that the coefficient of restitution should be parallel, indicating that the coefficiedt was weakly sensi-
close to the maximum value,,,. Figure 12 shows the tive to changes in the channel slope, in contrast to the pa-
scaled histogram of the coefficient restitution. The probabilrameters .. We found that when the velocity was scaled by
ity distribution was approximately Gaussian. The coefficienttar'g with n= 1/2 for glass beads ant=0.4 for steel beads,
of restitution took values over the range 0.6-1.2. Wlen the data fell onto a single curve. In Figs.(tBand 13c), we
>1, this means that the translational kinetic energy of theeport the variation in the particle velocitgcaled by tat¥).
particle was increased as a result of the collision, indicatingrhe half-colored symbols represent experimental runs for
that in some cases there was a transfer of energy from thghich intermittent saltating phases were observed while the
rotational component of the velocity to its translational com-plank symbols refer to runs for which the particle was fully
ponent. in a saltating motion. It clearly appears that when the particle
reached a fully saltating regime, its velocity was linearly
C. Streamwise velocity linked to the friction velocity. For regularly sized roughness

Figure 13 shows the variations in the mean streamwis@nd glass beads we foung~40(us—0.1 tart’s) at suffi-
velocity as a function of the shear velocity for steel and glas§iently high friction velocities. For steel beads, we found
beads. At first glance, when the data are reported in a pla,~40(us—0.085 taft*g). It follows that the particle den-
with a linear scalg¢see Fig. 189)], the general trend deduced sity and the channel roughness have little influence on the
by the eye is that the mean particle velocity increasas;as particle velocity. For randomly sized roughnesses, the coef-
consistent with earlier experiments on saltating particles oveficient A is slightly smaller and the data scattering around the
horizontal bottomg8]. Authors have usually found that the mean trend is much more pronounced. In a dimensionless
mean rErticIe velocity and the friction velocity are linearly form, the particle velocity can be expressed??msm4o(l
linked: u,=A(us—Us). When fitting this equation to our —S,*?), whereug ~0.1 tat’?9 andS, =uZ/uz is a new
data, we found that on average fgr=1 A~35 andus. transport stageit differs from T, in that ug. is not the
=0.004 to 0.02 m/s for glass beads aAe=40 andug, friction velocity associated with the threshold of motion but
=0.034 to 0.046 m/s for steel beads. The values found\for the intersection of the linear fitting with the abscissa axis,
andus . are much larger than the values given in the litera-and thus has no physical meaningurprisingly enough,
ture. For instance, Fernandez-Luque and van BEEX  when the channel slope tends toward zero, the structure of
found A close to 11.5 for sand, gravel, and magnetite parthe expression above is very similar to the expressions ex-
ticles while Hu and Hu[37] found A in the range 5.9-11.9. hibited for gentle slopel33,3§, but the coefficienté do not
From analyzing a large number of experimental data, varcoincide at all. However, it should be mentioned that in our
Rijn deduced that the coefficiert depends on the particle experimental device and for the range of tested flow rates,
diameter since the fluid velocity affecting the particle isthe full saltating regime was achieved only for slopes in ex-
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FIG. 14. Variation in the rotational particle velocity as a func-
(b) tion of the Shields stress for three different slogeisannel rough-
ness{=1).
- 7 T cess of 0.05, and thus rigorously the expressigiiug
g ~40(1- S, *? does not hold for taf<0.05.
;: In the mixed regimé¢see half-filled symbols in Figs. 1)
i and 1Zc)], there is no clear trend in the variation in the
= 19 A - particle velocity with the friction velocity. In contrast with
the fully saltating regime, the dependence of the particle ve-
locity on the bed roughness is much more marked. This can
be seen, for instance, in Fig. @3 by comparing the data
0 ; . related to/=1/2 and random roughness: the velocity is twice

0.10 012 0.4 016 0.18 as high for{=1/2 as for random roughness. This dependence
has important consequences in terms of sediment transport:
for a given roughness, small particles move faster than large
particles in this mixed regime, but as soon as they reach the
fully saltating regime, they move at the same velocity.

—_
g]
—

PP

D. Rotational velocity

The particle rotational velocity could be measured since
the particle was marked with a strip. When the strip rotation
was inscribed in the focal plane of the camétat is, when
it could be seen entirely in a sufficiently long series of im-
ages, it was possible to measure the rotational velocity.
However, because the spin vector was not systematically
normal to the plane of motion, only a limited number of
0 . : . : . : images could be used to measure the rotational velocity.

008 0.0 0.12 0.4 Figure 14 shows the variation in the dimensionless rota-
u,/ a6 (m/s) tional velocity as a function of the Shields stress. In a steady
state, the instantaneous rotational velocity of a small particle

FIG. 13. Variation in the particle velocitya) Particle velocity as  in @ flow at a finite Reynolds number is directly related to the
a function of the friction velocity for different channel slopes in the shear ratew,= — 'y/z [39]. If that relationship holds here,
case of a glass bead in a saltating regifoeannel roughnes§  we expect that the mean dimensionless rotational velocity

=1). (b) Variation in the particle velocity as a function of the ratio ~— _ — . - - s
ugtan™ 3¢ for different roughnesses in the case of a glass bead; the.* wph/Uy is of the order of unity. In Fig. 14, itis seen that

half-shaded symbols correspond to a particle with intermittenf“j* |=0(1), butalso the data define a trend, which could be
phases of saltationR+S) while the blank symbols represent the @Pproximated very crudely by eye as a linear relationship
data for which the particle was fully in a saltating regin®.((c) 0, = owhlusx N%h for each channel slope. Moreover, the
Same agh) except that the moving bead was a steel bead. The soli¢urves associated with different values of the channel slopes
line represents the linear relationship /tant’29=40(us/tan?9  are nearly parallel and far from each other, indicating a large
-0.1). dependence ob, on the slope. For instance, on increasing

u /1an"8(m/s)
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the channel slope from 0.05 to 0.1, the dimensionless rotaacts, in an attempt to account for various mechanisms in-
tional velocity decreases. The scaliti)gocNéh contrasts sub- volved (spin effect, hydrodynamic influence, etc.
stantially with the only experimental scaling that we found in[34,36,43,44 we can rewrite Eq(4) in the generalized form

the literature: indeed, Lee and H$40] found w, *NZ?  Uou=e(Stuin/(awp))ui,, whereu;, and u,, denote the
rather thanw, = NZ,.. norms of the precollisional and postcollisional velocities.
Here, since the Stokes number is large and makes allowance
for our experimental results, we assume that0.85. We
further assume that the components of the postcollisional
A. Theoretical background velocities can be expressed ag,(cosy,sinyg), where i

Anumber of models describing particles saltating in water= 7/2— a=35° on average; the value of the take-off angle
(or in ain have been proposed over the last two decadebas been taken as the mean value inferred from our experi-
[27,41. Most models are based on two ingredierig:a ~ MeNts. _ . _ .
Lagrangian equation of motion describing the particle mo- EXtensive theoretical, numerical, and experimental inves-
tion and ii) a collisional law describing how the impact of figations have been performed to compute the action exerted
the particle with the bed modifies the trajectories. These inPY @ viscous fluid on a spherical particle. This issue is known

gredients are combined and included in the following differ-t0 be a very difficult one and only partial results are avail-
ential equations describing the variations in the linear andble. The mere formulation of the motion equation of a small

single spherical particle in an unbounded viscous fluid in a
laminar flow has been widely debated in recent decades. To
Up date, the expression proposed by Maxey and Rik] is
M- =M+ F(up,up), (2)  widely recognized as the most complete and correct equation
for that purpose. Accounting for the bounded character of the
do flow (free surface, solid boundarynonhomogeneity, weakly
Jd—tpze(up ,Us) 3 or fully developed turbulence, particle spinning, etc. leads to
great complexity in the physical formulation, analytical or
together with the initial conditionsi,=Ug; and wp= wo; - nume_rical resolution, and even';ually_ ip the _applicat_)ility_ to
The subscript in the initial conditions means that one stud- Practical problems. Here a major difficulty in considering
ies theith leap of the particle. In Eq3), J=2ma2/5 denotes rapid shallow water flows is that we cumulate all these is-
the inertia moment ana the fluid vorticity. The collisional ~ SY€S- _ - _
law y is introduced throughuy; ; the initial velocity ug; is Consistent with Maxey and Riley's expressmr] for the
also the postcollisional velocity linked to the precoliisional BOUSSinesq-Basset-Ossen equafidi or Autonet al.s ex-

- ; : : ion for the total force exerted by an inviscid flpt],
velocity uei—; (the terminal velocity of the preceding lgap pression O . oo
by Ug; = x(Ue;_1). In Egs.(2) and(3), the total action of the the total force can be split into different contributiorfs:

fluid on the moving particle is represented by the force™ 8+ Fam*Fo+F +Fp, in whichFg denotes the Basset

F(u,,ur) and the torques(uy ,uf). Usually the interaction history term(the term arising due to the unsteadiness of the

between the particle and the fluid is assumed to be suffiltid flow close to the particle Fay the added-mass effect

ciently weak so that the fluid surrounding the particle is not(the surplus of inertia caused by the relative acceleration,
strongly influenced:; notably, the fluid velocity field far from equivalent to the inertia of a virtual mass of fluid attached to

the particle is not changed. Generally the motion equation i€ Solid particle Fp the water drag(Stokes term when
solved in an iterative way for each leap and then the meaRR&=0), Fu the lift force, andF, the fluid pressure. If a
velocities and leap sizes can be inferred. We will now specifydréat deal of work has been successfully expended toward

the initial conditions and the different terms involved in Eqs.€Xtending Maxey and Riley's formulation of the total fluid
(2) and (3). force for finite particle Reynolds numbefg7-53, few

The initial condition for theth leap reflects an exchange guantitative _results have been provided for Iar_ge Reynolds
of momentum between the saltating particle and the chann&UMberstypically for Reynolds numbers exceeding 15@-
roughness. This exchange is usually investigated in the forfj@use Of the increasingly complex flow pattern, notably in
of a relationship between the pre- and postcollisional relativéne Wake structure. Approximate and empirical relationships

velocities. In the simplest configuration of a collisional con-MusSt then be used. For Re150, empirical expressions are
tact(dry collinear collision between two spheres without ini- 2vailable to compute the viscous drag fof6é,55. Here we

tial spin), the collisional law takes the form of the well- UYS€
known Newton law linking the pre- and postcollisional
normal components of the relative velocity of mass centers,
respectivelyc, andc), [42], in a linear way:

V. LAGRANGIAN MODELING OF MOTION

rotational velocities:

Fo=psma’Cp|us—up|(us—u,)/2, (5)

whereCp = Cp(Re,). A similar approach could be followed
' aygn _ 5 _
Ch=—enCp, (4) for the torque by writing Gp=p;Crma’|w;— wp|(wy
—wp)/2 where the torque coefficiei@ is expressed as a
wheree, denotes the coefficient ghorma) restitution;e,  function of the spin Reynolds number Rea2|wf—wp|/v.
=1 when the collision only implies elastic deformations, andAt low Reynolds numbers, this coefficient is given By
0<e,<1 otherwise. For more complicated collisional con- =16/Re, [39]. At finite or large Reynolds numbers, there is
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no analytical or empirical estimate @fr(Re,). Concerning For the subsequent calculations, we considered the mini-
the lift force, Rubinow and Kellef56] and Saffman[57] mum number of ingredients required to model saltating par-
demonstrated that a rotating sphere slowly moving in a lineaticles. The lift and drag forces were calculated using Wiberg
unbounded flow (Rg<1) is submitted to a lift force or- and Smith's approacfEgs.(5) and(6)]. The Basset history
thogonal to its direction of motionF = mpsu,X wpa3. term was discarded. The added-mass effect was computed by
From dimension analysis, Wiberg and Snfi#7] deduced an  taking the expression given for inviscid fluidsee[67], p.
empirical relationship for the lift force in a form close to the 407). The fluid velocity profile was assumed to be logarith-

drag force expression mic over the entire depth; no correction was used to account
for the modification in the fluid velocity near the particle or
FL=p;ma’C (uz—u3)/2 (6) the free surface. Given the difficulty of estimating the actual

variation rate in the rotational velocity, its effect was ne-

where C, is the lift coefficient andu; and ug denote the glected[Eq. (3) discarded Thus, in the following, the com-
fluid velocity at the top and bottom of the particle, respec-putations are expected to provide the order of magnitude of
tively. The lift coefficient is taken to be equal to 1/2 at large the trajectory features. Figure 15 shows typical experimental
Reynolds numbers. Using direct numerical simulationsdata and numerical results for leaps sampled at three differ-
Kurose and Komorf58] investigated the effects of the fluid ent slopes. For the initial conditions in the numerical model,
shear and particle rotation on the drag and lift forces for 1we used the values that were experimentally determined. Ob-
<Re,=<500. They considered different configuratiofpar-  viously, the agreement between experiments and simulations
ticle rotating or not in a sheared or unsheared flemevalu-  is far from complete since we found relative differences as
ate each contribution. They showed that in a linear sheahigh as 50% for leap lengths and 15% for velocity. However,
flow the drag coefficient depended on the shear rate and theis very simple model is sufficient to provide the main fea-
spin velocity. The dependence was sliless than 10%) at tures of the saltating particle. We also performed extensive
high Reynolds numbers (Re 300). At high Reynolds num-  sensitivity tests to compare the various expressions proposed
bers, the effects of fluid shear and rotation cannot be treatefdr the fluid contributions. One difficulty in these tests was
independently, that is, the drag and lift coefficients of a ro-that our experimental conditions were to a more or less large
tating sphere in a shear flow cannot be directly inferred fronextent far from the conditions for which the theoretical ex-
the values computed for a stationary sphere in a shear flow gressions of the Basset or lift forces apply. Leaving this issue
a rotating sphere in a uniform flow. They proposed tabulatedside, we have found that using a sophisticated expression
relationships relatin€, andCp, to Re,, w,, and y. for the lift and drag forces here did not provide better agree-

Analytical expressions for the Basset force and addedMent with experimental data. This motivated us to use the
mass effect are less frequent than those for drag forces arfémplest expressions for the fluid contributions.
with only a partial agreement with experimental dé&8,60.
Concerning the Basset force, Lawrence and Mdi] dem- B. Simulation and comparison with experimental data
o.nstrated that the decay rate in the Iong.—established expres- 1o simulate a succession of particle hops, we used a sto-
sion of the Basset force depends on which way the particlenastic simulation in a way similar to the approach followed
interacts with its wake. Using numen_cal simulatioffer by Nifio and Garcid41]. The equation of motion Eq2) was
Re,=2 to 150 andp,/p;=5 to 200, Kim et al. [49] ex-  solved numerically by imposing specific initial conditions for
pres;ed the history term in the _form of a_convolunon prod-ine particle velocity. As input parameters,€), we used the
uct, in which a kernel expression was fitted to match the,g es given abovee=0.85, y=35°. Numerical simula-
low-Reynolds-number asymptotic solutions. _ tions were performed for a wide range of flow conditions by

All the expressions above_ hold for an unbounded ﬂ”'d-varying both the dimensionless shear stidggand the bed
Corrections must be brought in to account for the effect of ane For each flow condition, 400 leaps were simulated and
solid wall or a free surfacg62,63. Patnaik and co-workers e averaged velocity, length, and height were computed over
experimentally studied the drag and lift coefﬁments of ahe last 100 leapéin this way we assume that the averaged
sphere close to or away from a rough or smooth solid boundyg|es were not influenced by the initial conditions imposed
ary at high Reynolds numbers (360&e,<6x10°) 4t the beginning of computatiprSpecific attention was paid
[64,65. They found that for a rough boundary the drag co-y4 ho the slope influenced the particle trajectories. We ob-

efficient was enhanced by a factor of 1 to 1.2 compared 10 itg;ineq the following scalings for the dimensionless mean par-
value for a unbounded flow. In contrast, they showed that th(te | locitv. lenath d heiaht of leapar =22.9(1
icle velocity, length, and height of leapar}=22.9(

lift coefficient decreased slightly when the particle Reynolds™~__ _
number was increased. Valuesyranging frorir)1 0.08 to 0)./4 were “x *%)~14.5(1- S* 1/2) (Where S, = u§_/u§,c denqtes t*he
found. The effect of a free surface on the particle motion haéranspo()rgzstage, W'tms,c:0-00603"’}1 critical velocity, ]
received little attention. Sheridan and co-workers reported & 380Ns,—2.7, and hf =14.9Ngy"~2.2. The order of
Comp|ex observed pattern of the partide wake as it apmagnitude Of. these Scalings was Comparable with that found
proached the free surfa¢66] (6000<Re,<9000). Due to ~ for our experimental data; moreover, the general tréads,
the free surface, vortex shedding differed significantly froman approximately linear increase in the particle velocity with
that observed in an unbounded fluid. Among other effects, &e friction velocity were followed. However, in many re-
jetlike flow formed from the top surface of the cylinder and SPects, the relationships above differed from those found ex-
affected the entire wake structure. perimentally. First of all, here we found thﬁa; , I]* , andhj*
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FIG. 15. Typical trajectories at different channel slop@s. 0
=2%, h=14 mm, q=0.0028 m/s, Ug=0.17 m/s(initial veloc-
ity), ¥=34° (Fr=0.55, Re=2.3x10°, Re,=340, Ng,=0.031).
(b) 6=10%, h=20 mm, q=0.0128 /s, u,=0.61 m/s, y="54°
(Fr=1.5, Rg=7.7x10%, Re,=230, Ns,=0.227). (c) 6=20%, h
=12.4 mm,q=0.0128 m/s, u,=0.82 m/s, y=34° (Fr=3, Rg
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curves that we fitted to our numerical data are fairly close to
the experimental scalings provided by van Rijn for gentle
slopes and large channdl33]. Using assumptions different
from those used in the presented numerical simulations did
not change the final results substantially. A possible explana-
tion for the discrepancy between experimental data and nu-
merical simulations is a substantial modification in the fluid
velocity profile near the moving particle due to the narrow
size of our channel. Further experiments are in progress to
examine the reliability of this explanation.

VI. ANALYSIS OF THRESHOLD OF MOTION

In addition to phenomenological relationships fitted to ex-
perimental datd413,18, a number of theoretical expressions
have been proposed to estimate the critical shear stress for
initiating motion of a particle. Most of these models start
with an analysis of stability against rotation of a spherical
particle lying on a horizontal bed made up of beads of simi-
lar size[28,54,68. Following Wiberg and Smith68] or Ling
[28], if we assume that the particle at rest is submitted to a
lift force F|_ and drag forcd~p in addition to its submerged
weight P=47-r(pp—pf)ga3/3 and the point of action of the
hydrodynamic forces coincides with the center of gravity of
the sphere, the balance of moments provides the critical con-
dition for incipient motion of spherical particles:\2Fp
+F_=P. If we consider that the expressions of drag and lift
forces are given by Eq$5) and (6) and we assume that the

mean velocity acting on the particle i§, then we deduce
that this condition can be put into the following forfm
terms of the Shields number

f

Ngno(#=0)= —————
sne( 6=0) 1242C, +6C,

)

Extensions have been added to take into account the channel
slope and the bed roughness. Chiew and Parker deduced that
the critical Shields number at a given slopeis linked to
Nshc(0) =Nghc(0=0)cosf(1—-tané/tane), where ¢ de-
notes the particle’s angle of repose. From geometrical con-
siderations it is found thap = arcsinZ/(1+¢)] [18] for a par-

ticle initially at rest; when the particle comes to rest, this
angle can be expressed@s arctan(0.0028"4&/(1+9)) The

=11.3¢10°, Rg,=1130, Ng;=0.277). Thick lines represent ex- |atter expression was fitted from experiments on a particle
perimentally observed leaps. The thin continuous curves correspor}%”ing down a bumpy linethe surroundings were aif6].
to computations. The continuous curves correspond to the numerirhis allows us to introduce two critical Shields numbers for

cal solution obtained using the experimental velocity profile. Theincipient motion. The first corresponds to the upper limit for
dashed curves correspond to the fitted logarithmic velocity profinNhiCh a particle at rest can be observed
[Eqg.(D)]. The Iong-dasjed curves have been computed using a uni- '

form velocity profile (s=q/h). All the computations were per-
formed usingC, =0.2, C, provided by Morsi and Alexander’'s em-
pirical relationships,Fg=0, and w,=0. The experimental data

were made dimensionless by takirg=x/(2a) andy, =y/(2a).

sin@ )

Nshup=Nshe( 0= 0)( cost—n arcsifg/(1+¢)]

The second critical Shields number corresponds to the lower
limit below which no particle comes to rest:

did not depend on the slope whereas in our experiments they

did. Moreover, in the numerical simulations, the dependence
of the leap size on the Shields number is much less pro-
nounced than in our experiments. More interestingly, the

sing

Nshjow= Nsnc( 6= 0)( cosf— W) . (9
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Usually a multiplying factor is included in these expressionsfluctuations,(ii) we performed basic experiments in which
to take into account the influence of roughness. Most of thehe two-dimensional motion of a spherical particle was
time, this correcting factor is evaluated from experimentalfilmed, and(iii) we explored a wide range of channel slopes
data(e.g., sed69]). An alternative point of view was ex- and bottom roughnesses. Our prototypical experiment was
pressed by Parker, who put forward the notion of equal moshown to reproduce the main features of sediment transport
bility: on average, for a given bed, the particle begins toqualitatively. Interestingly enough, despite the large size of
move at the same critical shear stress whatever its sizéhe test particle, the present results do not differ from those
[70,71]. In that case, it is expected thh,.({)={Nsy({  obtained with small particleicompared to the flow depth
=1). In our experimentgat sufficiently high Reynolds num- Notably, it was shown that the Shields number is the key
berg we have f~0.05, Cp~1, and C ~0.2; we find dimensionless number in the entrainment and motion of
Nspc(6=0)=0.0053, a value that seems reasonable wheheavy solid particles in turbulent flows, although the mecha-
compared to our experimental ddtee Fig. 4a)] when we  nisms involved in incipent motion and suspension depend on
extrapolated them to vanishing slopes. The upper and lowghe particle size. One possible explanation is that most of
bounds are found to be decreasing functions of the chann#iiese mechanisms are governed by friction velocity, imply-
slope. As shown in Fig.(4), such a trend is not in agreement ing in turn that they depend on the Shields number. A sur-
with our data: if the variation in the lower bound with slope prising result in our experiments is the large dependence of
is hard to assess due to the lack of data at high slopes, theap height and length on the Shields number compared to
upper limit is found to be an increasing function of the bedprevious experimental results and our numerical similations.
slope. A possible explanation of this surprising result is that, Comparing numerical simulations and experimental data
in our experimental configuration, the criterion for incipient has shown that, if a simple Lagrangian model is sufficient to
motion is strongly constrained by the conditibr=2a. In  capture the main features of our physical system, agreement
Fig. 4b), we report the lineNgp¢({) = {Ngpc({=1) corre- is poor from a quantitative point of view since the relative
sponding to the critical Shields numberpper limi) when  deviation between numerical and experimental data could
equal mobility applies. A correct qualitative agreement withexceed 50%. Using more sophisticated expressions of the
our data is found. However, since we tested four valueg of fluid action did not change this conclusion.

the linearity of the critical Shields number with is not
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