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Fluctuations of the solid discharge of gravity-driven particle flows in a turbulent stream
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Substantial variations in the particle flux are commonly observed in field measurements on gravel-bed rivers
and in laboratory experiments mimicking river behavior on a smaller scale. These fluctuations can be explained
by the natural variability of sediment supply and hydraulic conditions. We conducted laboratory experiments of
particle transport down a two-dimensional inclined channel, for which the boundary conditions were properly
controlled. Most flow variables and the features of particle trajectories were measured using a high-speed
camera. The particles were 6-mm glass beads entrained by a rapid, turbulent, supercritical water flow. Even
under these well-controlled experimental conditions and despite steady supply, solid discharge exhibited sig-
nificant variations with time. The objective of this paper was to pinpoint the origins of these fluctuations by
investigating different flow conditions. Two experiments were done with a figsedooth or corrugated
channel bottom and two others were run with a mobile @dblving layers of closely packed particles lying
along the channel base, which could be entrained by the siréaihe latter case, two particle arrangements
were tested. It was found that, to a large extent, fluctuations reflected the finite size of the observation window.
For fixed beds, the characteristic time scale of fluctuations and their probability distribution can be predeter-
mined by evaluating the mean and fluctuating velocities of a single particle. Solid-discharge fluctuations were
exacerbated when the bed was mobile becdi)sthe moving solid phase and the stationary bed exchanged
particles andii) collective entrainment of particles occurred.
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[. INTRODUCTION interplay between the two phasgd and therefore the par-

The objective of this paper is to examine the origins ofticle suspension flow must be treated as a two-phase flow at
solid-discharge fluctuations for flows of coarse particles’® macroscopic scale. A number of natural flows belong to
driven both by gravity and drag exerted by a turbulent watefiS class; typical examples include sediment transport along
stream. This issue comes up when studying the dynamics §f@vel and sand-bed rivered load transpoyt blowing
particle transport from a microstructural viewpoint. Different sanq, snow d”fft];. etlc. ticall h : f
forms of transport are produced depending on the particle Os_'nﬁaesg ﬁod's'cﬁqg;? r?]%%g};c%r)é Sbt;gg dt oen psrogsegatlr?tsa?a )
weight and size relative to the turbulence scale. Light par-W b WSk u 'al ap

. o . . roximations of the interplay between the solid and fluid
ticles are maintained in suspension by turbulence Whereﬁn

. ) ases. In the field of bed load transport, the mean-field ap-
heavy particles roll along the bed or, when ejected from th roximation primarily proposed by Bagno[d] is a perva-

bed, perform a series of leapsaltation [1]. Usually the  gjye assumption. According to this hypothesis, the fluid shear
Stokes number can be used to quantify the depe_ndence of tRGess at the bed, equals the threshold value correspond-

two phaseq?]. The Stokes number can be defined as fol-jng to incipient motion of particles; the difference between
lows: St=2/9(py/p)Re, where Rg=Ud/v is the particle  the total bottom shear stressand 7, provides the shear
Reynolds number ang, denotes particle density; fluid  stress in the solid phase. Interpreting the latter stress as the
density, d=2a particle diameterU=[u,—u;| mean particle result of momentum transfers between the solid and fluid
velocity u, relative to the mean fluid phase velocity andv  phases makes it possible to theoretically compute the number
kinematic fluid viscosity. Here, typically, we investigate the of particles that can be entrained and maintained in motion
case St©(10%). If the Stokes number is interpreted as theand, thereby, the solid flow rater solid discharge Such an
ratio of the particle relaxation time to a characteristic time ofapproximation leads to a solid discharggin the form g

the fluid phasghered/U), this means that there is a weak x(7—7,)%2 When compared with laboratory experimental
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data or field measurements, this scaling correctly describe: o /OlEiO\gss Pancs)

illuminationy

the sediment transport for steady uniform or gently varying bead supply

flows [1]. However, for more general flow conditions, the
Bagnold approximation yields poor results, notably for flows
over arbitrarily sloping bed§5]. Furthermore, if bedforms
(dune or antidune depending on the value of the Froud .
numbej are interpreted as resulting from a loss of linear oosiacie
stability in the coupled fluid-solid system, the Bagnold as-

k . . A to the PC :
sumption fails to capture the necessary physics since the re [ el L
AN

glass beads

bed load layer
mobile bed
metal channel

sulting equations of motion do not show any instabiliy. (640 x 192 pixel) water supply

The failure of the Bagnold assumption has renewed inter- N\pa/eamera:
est in a better understanding of the physical mechanisms or o
bed load transport. An alternative approach takes its roots in FIG. 1. Sketch of the experimental setup.
the work of Einsteirf7]. In Einstein’s view, a sediment trans-

port does not result from an equilibrium in the momentumth . tal Its for four diff t ch | f
transfer between solid and liquid phases, but from the differ- € expenimental results for four ditrerent channel configura-

ence between the entrainment and deposition ratesdrp, tions. For all these configurations, the soliq.supply was kept
respectively, which are a function of the flow conditions andconstant at the channel inlet, but we modified the boundary
bed geometry. Stated more explicitly, this amounts to writingconditions at the channel bottom by constraining particles to
that on a small intervabx, the solid-discharge variation is [10W €ither over a fixed bed or an erodible bed.
89s=(rg—rp)&x. The solid discharge at bed equilibrium is the
implicit solution to the equatiorrg=rp. Most theoretical Il. EXPERIMENTAL FACILITIES AND TECHNIQUES
models(e.g., sed8]) based on Einstein’s approach are re-
stricted to steady flows, for which such an equation can be
solved, at least approximately. The full problem of determin- Experiments were carried out in a tilted, narrow, glass-
ing how rg andr, are related to flow conditions remains sided channel, 2 m in length and 20 cm in height. Figure 1
unsolved. In addition to the complexity of the probabilistic shows a sketch of the experimental facility. The channel
formalism used by Einstein, this explains why such an apwidth W was adjusted to 6.5 mm, which was slightly larger
proach has received little attention over the last 50 years. than the particle diametd6 mm). In this way, the particle
Since our understanding of complicated particle systemsotion was approximately two dimensional and stayed in the
and our ability to take accurate measurements on the particlocal plane of the camera. The channel slopedaves fixed
scale have progressed a great deal since Einstein’s time, it& 10% for all the experiments presented in the present
now possible to more accurately examine the physics behindrticle.
the entrainment and transport of coarse particles by turbulent Since the objective was to investigate the origins of solid
flows. In preliminary investigations, we examined the motiondischarge fluctuations, we ran experiments under different
of a single particle in a saltatinf9] or in a rolling [10]  conditions:
regime from both experimental and theoretical perspectives. (i) The first two experiments A and B were carried out
We then carried out new experiments with a continuous parwith a fixed bed and thus were not intended to study erosion
ticle supply. Surprisingly enough, we observed substantiahnd sedimentation phenomena but to serve as a reference
variations in the solid discharge with time, whereas the flow[see Figs. &) and 2b)]. We used two types of channel base:
conditions were stationary on average: intermittent phases «f) a flat and smooth steel base, hereafter referred to as ex-
transport and fluctuations as large as the mean solid diperiment A, andii) a corrugated bed made up of juxtaposed
charge occurred. Such phenomena are frequent when fid@lf cylinders(6 mm diametey;, hereafter referred to as ex-
particles are involved because their motion is controlled byperiment B.
fluid turbulence, but they were not expected here given the (ii) In experiments C and D, water flowed over a “mobile
large size of particles used in our experiments. In order tded” made up of the same particles as those supplied at the
gain insight into the origins of these fluctuations, we con-channel entrancesee Sec. Il Ballowing exchanges between
ducted further tests by varying the boundary conditions at théhe moving solid phase and the bggtosion and deposition
channel bottom: we used fixed channel bagawooth or A bed is said to be mobile when it consists of particles
corrugated bottomand mobile bedgthe moving solid phase that can be entrained by the stream. Mobile beds were ob-
could exchange particles with the he@pecific care was tained by building a disordered packing of particles along the
taken to distinguish between different artificial fluctuationschannel bottom. Disorder was essential as it prevented slip-
and intrinsic fluctuations. ping of entire layers of particles on the upper bed surface,
This paper attempts to understand why solid dischargavhich would have induced artificial erosion conditions.
exhibits large fluctuations in steady conditions. We shall sedaintaining disorder in monosized spherical particles is dif-
that the most plausible explanation lies in the collective modicult, with severe constraintgl1], here involving mainly
tion of the particles entrained from the bed and that thishow to create disorder in the packing and bed thickness. As
collective motion is directly related to the particle arrange-regards the latter point, a random roughness made up of jux-
ment inside the bed. We will begin by presenting the experitaposed steel half-cylinders of radiusvas positioned along
mental facilities and proceduréSec. 1. Section Ill presents the channel base. The arrangement of the particles constitut-

A. Channel
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(a) TABLE |. Flow characteristics and time-averaged values of di-
mensionless numbers characterizing bed load and water flow. Con-
stant parameters: channel inclination #m0.1 and channel width
W=6.5 mm.

(©)

’ Experiment A B C D
’ NN v L . et
0P80 5580402005 0,8000u8480%450500gP00Rasn,
'm:'pﬂrm"rpm e ’ h(mm) 7.0 10.2 8.7 12.0
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i _ G (1073 m?/9) 5.39 5.39 3.85 5.39
298 208, SRLE D000 2 AN3328 2220800 . us(m/s) 0.77 0.53 0.44 0.45
ISSSEE PO ReRR ) Wi e Pu P g Be n(beads/¥ 7.99 8.20 7.97 7.93
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i s e o PR s :
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AFr 0.464 0.377 0.544 0.385
288 28, Nsh 0.078 0.114 0.096 0.133
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:'_',"7\,'" o Re, 669 545 859 897
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FIG. 2. Images of the particle transport for experiments A, B, C, Cs 0.0258 0.0265 0.0360 0.0256
and D. Image dimensions: 25 ¢ib cm (resolution: 640x 120 h/d 1.17 1.70 1.45 2.00
pixels), (a) and (b) reduced; exposure time 0.2 ms, frame réte
=129.2 Hz, channel inclination taf=0.1. For experimental condi-
tions, see Table I. to the impacting bead is very low, whereas for a shallow bed,

, ) a part of the elastic energy transferred during the collision
ing the bed depended a great deal on how the half-cylinders,, pe restored to the bead.

of the base were designed and disposed. We used two chan- zp gpstacle was set at the channel outlet to enable bed
nel _bacs:is W'ﬂ: gn‘fere(?t roughtn(ejssfers]. if-cviind £ vari formation and prevent full bed erosion; its height could be
. ) annef base L consisted of hall-cylinders o .Var'ousadjusted. The procedure used for building the bed is ex-
sizes[see Fig. 2c)]. We selected a mixture of three sizes of plained in Sec. Il D
cylinders: their radiug could be either 1.5 mm, 3 mm, or ' '
4 mm.
(i) Channel base D consisted of half-cylinders of equal B. Solid and water supplies

size (r=3 mm), but they were arranged on different levels,  Colored spherical glass beads with a nominal diameter
from 0 to 5.5 mm, by increments of 0.5 misee Fig. 2d)].  of 6 mm and a density,, of 2500 kg/n¥ (provided by Sig-
These levels were generated using a sequence of uniformiund Lindner GmbH, Germanyvere used. They were in-
distributed random numbers. jected from a reservoir into the channel using a wheel driven
Selecting either of these roughnesses had a substantigy a direct current motor and equipped with 12 hollows on
influence on the short-range geometrical arrangement of thiae circumference, as depicted in Fig. 1. For the experiments
particles constituting the bed because the bed was thin. Fgiresented here, an injection rate rgi=8 beads per second
thick beds(typically, whose thickness exceeded 5-6 particlewas set, with an uncertainty of less than 5%. This corre-
diameterg a regular, crystalline arrangement was observegponded to a solid discharge per unit widgg of 1.39
along the upper part of the bed. This is expected since it is< 104 m?/s. The water supply at the channel entrance was
well known that the disorder range induced by a defect in a&ontrolled by an electromagnetic flow meter provided by
crystalline arrangement of monosize spherical particles is &rohne (France. The discharge per unit width,, ranged
few particle diameter§ll]. Therefore, in order to be able to from 3 to 6x 1073 m?/s.
control the order in the particle arrangement, we built beds
whose thicknesses did not exceed 5 particle diameters.
Note that this bed thickness condition had severe conse-
quences as regards the collisional interaction of a saltating The hydraulic conditions can be specified using classic
particle with the bed. Indeed, in his experiments of dunedimensionless numbers. Table | reports the time-averaged
formation, Rioual observed that the value of the effectivevalues of these numbers. In Tabledl, and o, denote the
coefficient of restitution depended on bed thickngsg].  standard deviations of the water depth and solid discharge,
This can be physically understood by recalling that the carespectively. Here, to make the flow ratenore palpable, we
pacity of a particle to retrieve its momentum after impactexpress it in beads/s instead offa. The flow Reynolds
depends on the reflection of the elastic waves generated dunumber is defined as ReR4us/ v, whereR,=Wh/(2h+W)
ing the collision. For a thick bed, considered as an infinitedenotes the hydraulic radius;=gq,/h the fluid velocity(av-
granular medium, the probability of an elastic wave to returneraged in they andz directiong, v the kinematic viscosity of

C. Dimensionless numbers
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water, andh the water depth. The Froude numbef N was set to a constant value. The solid discharge per unit
=U/gh (whereg denotes gravity acceleratipraried sig-  width gs was calculated by the relatiap=7d%ny/ (6W). An
nificantly over the experiment duration and along the mainnitial guessgs for the solid discharge at equilibrium was
stream direction. The mean:Nvalues and the variation scale obtained using an empirical sediment transport equation
Ar, are reported in Table I. The variation scale of the Froudg14]. For our cas€uniform sediment this equation can be
number was estimated assuming a constant water dischargiamplified into the form
and considering the variations in water deptyy,=|5Fr| R
=|3Froy,/2h|. These numbers show that there were frequent ds=6.27q,, - gotarr 6, (1)
transitions from subcritical to supercritical regimes for ex-\yhere 9.=0.1281g P tarr*124 is the critical o discharge
periments C and D. This'phenomenon seems intrinsic to be@orresponding to incipient motion of particledere g,
load transport on a mobile beg.g., sed13]). =2.46X10°3m?/s). The first beads supplied by the feed-
The Shields number is defined as the ratio of the botton°||ng system were stopped by the obstacle at the channel
shear streséro=ppghtan 6) to the stress equivalent of the qytiet and started to form a bed. The bed line rose to the
buoyant force of a particle lying on the bottof]: Nsn  |evel of the obstacle and beads began to leave the channel.
=7o/[gd(p,~py)]. For our experiments, the critical Shields After approximately 10min, the system arrived at bed

number Ng,,. corresponding to incipient motion is in the |oad equilibrium; that is, there was no more bed deposi-
range 0.004-0.00%9]. Here the reduced Shields numbertion or erosion over a sufficiently long time

(also called theransport stage T~ =Ng/ Nsp is on the order  jnterval.
of 25, which indicates that the flow regime is far above the (|||) In order to make the bed line para||e| with the chan-

threshold of motion. The particle Reynolds number can bg\e| base, the water discharge was then adjusted. After several
defined as Rg=|u;—uy|d/ v, whereu, denotes the mean ve- jterations, we arrived at the configuration of a bed that con-
locity of a particle in motion. We furthermore introduced the sjsted of two to three almost stationary bead layers along the
dimensionless particle diamet®r=dy(p,/p;—1)g/»2 used  channel, for which the bed line slope matched the channel
in sedimentology to characterize the particle size comparegase inclination. Average equilibrium conditions were sus-
to the turbulence scald]. The solid concentration is defined tained over long time periods, basically as long as 30 min.
as the ratio of the solid and the water discha@eqs/q,.  The water discharge was set to 3:850°° m?/s for bottom
Values reported in Table | are low, which indicates that parC versus 5.3% 102 m?/s for bottom D: bed equilibrium
ticle flow was dilute. The ratidv/d is low, typically in the  was reached for significantly different water dischargeta-
range 1-2. tive difference of 40% This provided preliminary evidence
Note that the dimensionless number values differ substaref the substantial effect of particle arrangement on particle
tially from the values usually found in the sedimentology transport.
literature. The reason is twofold: first we used a short and Once bed equilibrium was reached, the particles and the
narrow channel, which led to studying low-Reynolds-numberwvater stream were filmed using a Pulnix partial scan video
regimes, whereas hydraulicians take care to avoid such reamera(progressive scan TM-6705ANThe camera was
gimes. Since we used coarse particles, particle motion waslaced perpendicular to the glass panes at a distance of
weakly dependent on the actual value of the flow Reynold9.15 cm from the channel, approximately 80 cm upstream
number and turbulence structure. Therefore we think that thérom the channel outlet. It was inclined at the same angle as
small size of the experimental setup is not a handicap. Segche channel. Lights were positioned in the backside of the
ond we investigated supercritical flows because flow must behannel. An area of approximately 25 ¢cm in length and 8 cm
energetic enough to carry particles. However, in a supercritiin height was filmed and later reduced to accelerate image
cal regime, flow depth was low: on the order of the particleprocessing.
size, meaning that particle motion was affected by the water- The camera resolution was 64092 pixels for a frame
free surface. rate off=129.2 fps(exposure time: 0.2 ms, 256 gray levels
Each sequence was limited to 8000 images due to limited
computer memory; this corresponded to an observation du-
ration of approximately 1 minute. Figure 2 shows typical
The procedure for experiments A and B was simple beimages for experiments A-D. Examining the short sequence
cause the solid and water discharges could be chosen indef experiment D makes it possible to identify particles in a
pendently. In contrast, preparing experiments C and D wasaltating or rolling motion.
more complex. The preliminary procedure can be split into
three major steps. First of all, a particle bed was build along
the channel base, which remained stationary on average. To
that end, an equilibrium between the water discharge, solid Images were analyzed using thevA software, provided
discharge, bed elevation, and channel slope was sought. Thxy the Traitement du Signal et Instrumentation laboratory in
equilibrium was reached by using the following procedure. Saint-Etienne(Francé. Positions of the bead mass centers
(i) The water dischargg,, was set to a constant value. were detected by means of an algorithm combining several
(i) An obstacle(approximately 20 mm in heightwas image-processing operations. It compared the filmed images
positioned at the downstream end of the channel. The solidith the image of a model bead and calculated the correla-
dischargen, at the channel entranger the injection rate  tion maxima to obtain the bead positions. The water-free

D. Experimental procedures

E. Image processing
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criteria to distinguish rolling beadsu,|=u, (bead in mo-
tion) andd,/d< e (particles in the vicinity, whered, is the
distance to the next neighb@veraged over five consecutive
frameg ande is a threshold.

(i) The beads in saltation leaped above the others. They
had no close neighbors except when they collided with other
beads. The algorithm distinguished saltating beads using the
criteria |uy| =u, andd,/d>e.

The values of the threshold parametexsand ¢ were
adjusted by trial and error to minimize the differences be-
tween the state determined by the algorithm and the state
determined by the naked eye. Good agreement was obtained
for u,=0.025 m/s an&=1.07.

For the experiments with a fixed bédl and B), the water
depth was directly computed by measuring the position of
the water line with respect to the channel base. For the ex-
periments with a mobile beC and D, the water depth was
defined as the difference between the free surface and the
bed surface elevation. This involved defining the bed surface.
Arbitrarily, we considered that the bed surface profile is the
dashed line linking the top points of the uppermost resting or
rolling beads. Figure 3 depicts such a dashed line at a given

FIG. 3. Sketch defining the state of motion and the bed line. time.

neighborhood

O: rolling

.Z saltating

surface(averaged in the direction perpendicular to the chan- IIl. EXPERIMENTAL RESULTS
nel wallg was detected using its slim form; missing portions )
were interpolated or extrapolated. The resulting uncertainty A. Overview

in the bead and water line position was less than 1 pixel or - sjnce the primary objective was to understand the origins
0.4 mm. of the solid-discharge fluctuations, we paid particular atten-
tion to distinguishing between fluctuations intrinsic to the

F. Data processing phenomenon and those coming from the measurement sys-

. . m (finite size of the observation of the window, acquisition
Data obtained from the image sequences were analyzed Egte, etc. The solid discharg€) is usually defined as the

obtain the particle trajectories. For this purpose, we devel; : o
) : ; . X .~ flux of particles through a flow cross sectiofi: Qg

oped a particle-tracking algorithm, which was integrated into_ . . . "
the wiMA software. This algorithm compared the bead pOSi-_f.SdSUP'k’ whgrek IS the unlt.normal a5 Th.'s defmmpn,
: T . . suitable to continuum fields, is not well suited to discrete
tions of two consecutive images to determine the trajecto%lements A more convenient definition is to introduce the
of each bead step by step. Since the particle movement Waw rate in terms of the probabiliti?[u,|x,t] that a particle
nearly two dimensional and the displacement of a particle P ) .
between two images was always smaller than a particle gicrosses th.e control surfacat positionx and timet with
ameter, the trajectorieG@pproximately 700 per sequence velocity u;
could be calculated with no significant error. Problems oc-
curring at the entrance and exit of the observation zone Q :Jf |dx|du,PLug|x, t]u, - k. )
prompted us to calculate variables such as the solid discharge R P prETPER R
in a reduced window 580 pixels in length.

Next the state of movement of a particle was defined byunder steady conditionéP/dt=0), this definition can be
considering that each bead was always either in a restingyorked out as
rolling, or saltating regimgsee Fig. 3. Such partitioning
posed several difficulties from the algorithmic viewpoint. 1 N N
The three states of movement were distinguished as follows. Q<= lim = > upvS = lim v > u, (3)

(i) The resting beads formed the bed: they were in sus- Voo V=g - Lix
tained contact with their neighbors. They were not expected
to move or, more precisely, their possible drift velocitiess  in which the ensemble average has been replaced by a vol-
gether with fluctuating velociti@svere lower than a thresh- ume average. The integration has been made on a control
old velocity u: |u,| <u, whereu, denotes the bead velocity volumeV=SxL of lengthL and volume). We have also
averaged over five consecutive frames. usedv=47ma%/3, the particle volumey;=u,-k, the stream-

(i) The beads in the rolling regime were located abovewise velocity component of particie andN, the number of
the beads at rest: they remained in close contact with the bgghrticles in motion in the control volume. Therefore, in the

and moved at a certain velocity. Our algorithm used twofollowing, we shall define the flow rate=Q./v as

061307-5
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N
1 20 (a)
h== > u. (4) b
O —
An ideal experimental setup would be based(igran obser- — T T T T T T T T T T T
vation window with a lengttL that outweighs the mean dis-
tance\ between two moving particles ariil) an acquisition 00 1

b
rate much larger than the inverse of the typical particle time -( )
scale, computed as the time needed for the particle to mowt 10% W»JW, MWWWMW
T T T T T T T T T T T T

across the window. 0
In our laboratory experiments, the typical acquisition rate '
f, particle velocityu,, and window length_ were approxi-

mately 130 Hz, 0.3 m/s, and 25 cm, respectively. The sup-_\C/ 20 -{(e)

ply rate of particles being,=8 beads/s, we deduce that the 104 WWN f

interparticle length scale is on the order of=uy/8 o Y MWV
T T T T T T T T T T T T

~38 mm and the mean time for a particle to move across the
window is on the order of.=L/u,=0.8 s. These estimates
lead to the ratioL/\=7 and f/(1/t;)=104, which means

that condition(ii) above is met whereas conditigi) is not. 0@
Resulting from the finite size of the observation window and 10 —_WM} M |
the channel, artificial fluctuations were generated in the time 0 -
T T T T T T T T T T
20 30 40 50 60

beads/s)

records of solid discharge. Another source of fluctuations

comes from the solid supply system. The bead supply systen

was designed to ensure a constant injection rate. Howevel, )

yve observed slight variations in the bead position and veloc- FIG. 4. Variation in the measured solid discharge with time for

ity at the moment of the release from the transport wheel wperiments A—D

The beads thus impacted on different points of the channeF, P '

which led to nonuniform distances between two consecutive i _ . 3

beads. For the experiments with a fixed &dand B), this ~ Uyl /2. We used the following notationm’=4ma*(p,

deficiency was reflected by a strong variation in the numbef Pr)/3 IS the buoyant particle mass adg the drag coeffi-

of beads in the window. In contrast, for the mobile bed ex-cient; typically for high particle Reynolds numbers and con-

periments, we expected that the influence of the supply sydined flows, the drag coefficient is close to un[t0]. The

tem on the flow in the observation window was weak be-mean particle velocity is then

cause of the buffer effect of the bed: since the observation

window was located 1.2 m from the channel inlet, an in- o 8p,— prSin 0

jected bead was likely to experience several jumps and/or Up= Ut — —t = ——ag

transitions to rest before reaching the observation window; it S Co

is thus unlikely that this bead kept memory of its initial

conditions. As shown in Table |, the mean fluid velocity was 0.77 m/s
The time records of the solid discharge were analyzed bwnd particle velocity should have been close to 0.61 m/s.

taking a closer look at its empirical probability distribution The interparticle distance was theun:é 0.61~7.7 cm and

and its correlation function. In addition, we Carefu”y exam- thUS, in the observation W|ndo%80 pixe|s or equiva|ent|y

ined the features of the particle trajectories such as the typgs=22.5 cm, we must count 2.94 partides on average or, to

of motion as well as the leap length and height of saltatincthe more specific, 6% of the recorded frames should include

particles. To synthesize this information, we reported the parwo particles and 94% should contain three particles. As a
ticle movements in a space-time diagram. We further studied

T T
0 10

the structure of the bed arrangement. The main results are 10
reported in Fig. 4(flow-rate variation with timg Fig. 5 $
(autocorrelation oft), and in Fig. 6(probability distribution 08t
of n); they are analyzed in the following sections. 061t

0.4
B. Smooth bottom (experiment A)

0.2
The simplest configuration is a water stream over a flat h ;
surface. In this case, it is expected that particles roll or slide 0.0
. o ) o
quickly as a result of the driving force exerted by gravity and 024

water drag. Assuming that a test particle reaches a steady :
regime, we can express the momentum equation as a balance 041
between the streamwise component of gravity acceleration ’
m'gsin # and the mean water drag forc;@Dpf7ra2|up FIG. 5. Autocorrelation functions for experiments A-D.
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0.20

$,=0.17's

0.154

0.104

pdf (s/bead)

0.05

0.00

A (beads/s)

FIG. 6. Empirical probability density functions for experiments ) ) ] ] ]
A-D. FIG. 8. The normalized intercorrelation functions of the solid

dischargen computed over either half window for experiments
result, the solid discharge should oscillate with two possiblea-D.
states:n=5.45 beads/s and=8.17 beads/s.

Time variations im are plotted in Fig. @8). The autocor-  aymg of their shape, demonstrating that the particle velocity
relation of the signal are reported in Fig. 5. The time varia-

. . lid disch haped. which h as fairly constant and close to the mean value. Experimen-
e ore h, Shabed, wih mear i we found ht e mean valve @, was 065 m/s,
possible values and thus behaved as a discrete random Wh"? our heunistical approa_ch gives an estimate of 0.61 m/s,
variable. This is probably best seen in the probability densit)}n fa_|r|y good agreement with the opserved yalue. .
function (pdf) plot: Figure 7 shows the scaled histogram of Figure 8 reports th? |ntercor're_le}t|on function qf the. solid
the recorded values and the expected probability distributioiSCharge. It was obtained by dividing the observing window
deduced using heuristic arguments. As expected, two peak@rtlcally into two halves a_nd calculating the time e_volutlon
are found in theh pdf, but marginal spikes are also present.Of the solid discharge for either hgiee Eq(4)]. The inter- -
As shown in the inset of Fig. 7, although there is not muchcorrelation function was computed by taking normalized sig-
difference between the measured and expected average nunals[n(t)—n]/ o,
ber of particles contained in the observation wind@w66 For experiment A, this yields a spike function with a
against 2.9% the probability density function of the particle maximum at the characteristic time §f=0.17 s. This time
number was much wider than expected: on rare occasiong consistent with the travel time of a particle: since the av-
up to seven particles could be observed in the window. Thigrage velocity was 0.65 m/s, the time required for a particle
difference between the expected and observed values mainly cross half the window was=0.174 s. The high value
resulted from small irregularities in bead supply at the chanreached by the maximum shows that the signal changed only
nel inlet. slightly between the two window halves because the inter-
Another striking result is that there was not much differ- particle distances once established at the channel inlet did
ence between the probability distributions Wfand n in not change along the channel. The channel base did not in-

10 10 troduce any significant perturbation to the particle move-
0.0 10 [ 00 ment.
] £08 I In short, we have found that, for smooth beds, the ob-

_ 087 804 08 > served fluctuations in solid discharge essentially came from

8 071 Soolegli Al |07 5 the finite size of the observation window compared to the

§ 0.6+ N r06 3 particle diameter. In such experiments, solid-discharge fluc-

;& 054 I Los & tuations induced by water turbulence were low.

3 0.4 | [ JexperimentA | [04 %

5 034 | theory L0.3 § C. Corrugated bottom (experiment B)

5 021 02 In order to test the influence of the bottom roughness, we
0.14 ﬂW J uml F0.1 conducted a further experiment replacing the smooth base by
0.0 +———lL il — L e Too a corrugated surface. A wider range of the particle velocity

o 2 4 6 8 10 12 14 16 18 was expected as a result of collisions with the corrugated

n (oeads/y bottom. This should generate larger fluctuations in the solid

FIG. 7. Probability density functiogpdf) of the solid discharge ~ discharge than in the previous case. To compute the probabil-
h. The white histogram gives the empirical pdf of the observedity density function of the flow rate, we used the following
values while the bold lineghere two peaksstand for the theoretical assumptions(l) the number of particles included in the ob-
mass distribution of. In the panel, the probability distribution of Servation window is distributed according to a Poisson dis-
the numberN of particles counted in the observation window is tribution, (2) the streamwise components of particle velocity
reported. is Maxwellian, and(3) the particle velocity distribution is
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independent of the particle numbgrecause flow is dilute 0.30 —
Under these assumptions, it can be sh@gee the Appendijx 1 :’Te:pe”me”m
that 0.25 oo
) ooeHuk L Lh - ku)? 0.20+ ]
P(hlL) = > —A—=— exp{-%}’ z ]
k=1 k! v2mk oy 2ko |, % 0,15 ]
o] 4
Whereoﬁ_is the particle velocity variancestreamwise com- g 0.10
poneny, u its average, angk is the average number of par- ]
ticles moving in the observation window. No closed analyti- 0.05
cal expression was found, but numerical estimations can R
easily be made because of the rapid convergence of the sumr 0.00 —T— mill |1l rI—‘ —T— e
o 1 2 6 7 8 9 10

and the moments dP;, can be analytically determingdee 5 4 5
the Appendiy. Notably it is shown that the average flow rate N
is uu/L, as expected, and its varianceus ﬁ/LZ. As previ- S )
ously, the mean number of particles contained in the obser- FIG. 9. Probability distributions of the numb&t of particles
vation window can be estimated from the mean interparticléounted in the observation window. The white histogram represents
distancex imposed by the particle supply frequeney (here experiment B and the black lines a theoretical distribut®aisson
wo=8 Hz) and particle velocity: u=L/N\ with )\:walip. distribution).

Therefore, we find that the mean flow rate equals the sup-

plied flow raten, and its variance is to interpret is the intercorrelation function. Here the intercor-
relation function of the solid discharges was computed in

aﬁ either window half. The resulting function has been plotted

Var{Py] = Eu: (5) in Fig. 8. For experiment B, the correlation maximum was

P situated attz=0.25 s. This characteristic time is consistent

From a theoretical viewpoint, solid discharge fluctuations rewith the mean time a bead takes to travel half of the window:

sult from the finite size of the channgfctor L™%) and ve-  t=L/(2'uy)=0.26 s. Compared to experiment A, the peak of
locity fluctuations of individual particlegfactor Uﬁ/Up)_ the function was slightly less acute and spread out more
Note that if we replace the values bf o, andUp by the  widely. This shows that particle flow was not only advected

measured values, we find that the varianc@épfs substan-  with mean velocityu,, but there was also a diffusive process

tially affected byL. induced by particle velocity fluctuations.

Experimentally, the water discharge was unchanged com- In short, experimental results provide evidence that solid-
pared to run A, but the water level rose considerably due télischarge fluctuations come from both finite-size effects
the higher dissipation rate at the bottqsee Table). The  of the observation window and, to a lesser extent, particle
injection rate being unchanged, the beads were mostly inelocity fluctuations.
saltation; rolling motion occurred marginal(jt contributed
to the solid discharge at less than 1)6%/e counted 2321 D. Ordered mobile bed (experiment C)

leaps, with a mean length and height of 6.5 and 1.2 particle The next step was to study the interaction between the

diameters, res_pectively. The va_lues of the dimensionless legp, rticles and a mobile beaee Sec. Il A Compared to ex-
length and height for our experiment B are nevertheless con-
sistent with the work of Nifi@t al. [15], despite the substan-
tial differences in the two experimental configurations. Be- [ experiment B
cause of the variability induced by the collisions with the  0.161 theory
channel bottom, the particle velocity varied within a wider .14 1l
range: the average vaIuT;:J and the standard derivatian,

were 0.44 m/s and 0.10 m/s, respectively. The number ol_, ]
particles in the window(see Fig. 9 ranged from 0 to 10 § 0.10+
(versus 0 to 7 for the smooth basés a consequence, the < ;gg]

N4

pdf plot of the solid discharge was continuous and bell & :
shaped at first sight. A closer look reveals that there wered 2061
several local maxima in the histogram but they were less 004+
pronounced than those observed in experiment A. As showr
in Fig. 10, the empirical distribution is in fairly good agree- ]
ment with the theoretical expression: the local peak posi- 0-00_2 A 6 B 10 T2 M s 13 20
tions and the tail behavior are reasonably described by the A (beads/s)
theoretical predictions.

The autocorrelation of the signal has been reported in Fig. FIG. 10. Probability density functiongdf) of the solid dis-
5. Note that there are slight differences between the autocothargen. The white histogram and the black line represent the
relation functions pertaining to experiments A and B. Easielempirical and the theoretical pdf, respectively.

0.18

0.12 1

0.02 +
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divided into the fractions of the state of movement, for experiment

FIG. 11. Probability density functiofpdf) of the solid discharge  ©- " the background the cumulated image of the sequence are
n for experiment C. plotted.

periments A and B, the chief difference is that the moVingservation_ window andii) decreased mean particle velocities
solid phase can exchange particles with the mobile bed. Th&r experiment C compared to runs A and B. Note that there
assumptions used in the heuristic model described in Sevas not much difference between experiments C and D, de-
Il C are no longer valid, notably because the particle velocityspite their significant differences as regards the solid-
fluctuations cannot be described by a Maxwellian distribu-discharge probability distribution. We have also computed
tion, since particles experienced different types of motiorthe intercorrelation functiortsee Fig. 8 The characteristic
(rolling, saltating, entrainment-depositijor problem in in-  time of the intercorrelation functioth:=0.36 s was longer
terpreting experiment C resultand afterwards experiment than for the previous experiments. We measured a mean ve-
D) is that, as far as we know, there is currently no micro-locity for the beads in the rolling reginie, =0.062 m/$ and
structural theoretical work on the particle exchanges betweeanother one for the beads in saltatian=0.30 m/g. Only
a mobile bed and a turbulent stream transporting coarse paihe latter yields a travel timgt=L/(2ug)=0.38 ¢ that was
ticles. Compared to simple experimental configurations Aconsistent with the time given by the intercorrelation func-
and B, it is more difficult to distinguish between artificial and tion. The peak was wider and lower than that observed for
intrinsic fluctuations of solid discharge. This led us to thor-the previous experiments, which reveals a substantial diffu-
oughly examine the flow features by relating the solid dis-sion of the flow rate in the streamwise direction. In this ex-
charge to particle trajectories. periment, intermittent motion was frequent: a number of
Experimentally, because of the interplay between solicoeads experienced different rolling and resting regimes.
and fluid phases, solid and water discharges could no longdarthese beads needed much more time than the characteristic
be set independently. In order to enforce bed load equilibtime t: to travel half of the window, which contributed to
rium, the water discharge was set to a considerably loweincreasing the tail of the intercorrelation function.
value for experiment C than for the other experiments. How- In order to gain insight into the properties mfwe exam-
ever, the water level was only slightly lower than in experi-ined how the flow raten was distributed in the vertical di-
ment B (see Table), as a result of energy dissipation in- rection. The background of Fig. 12 was obtained by super-
duced by particle collisions. Beads were observed in thémposing all the images of the filmed sequence. In the lower
saltating, the rolling, and the resting regimes. This is why thepart of the figure, beads can be clearly distinguished because
number of leaps counted 437 was lower than for experi- they did not move during the sequence. Above this stationary
ment B. The mean leap length and height reduced to 3.7 anged, intermittent movements of beads can be observed. Far
0.37 particle diameters, respectively, which is significantlyfrom the stationary layers, the image becomes blurred and
lower than values found by other authors because the trajetighter because fast-moving beads left only fuzzy traces. In
tories of saltating particles were extremely constrained by thexperiment C, the layer structure of the bed is obvious. This
water-free surface and the mobile bed. can also be seen in the curve of the time-averaged solid
Figure 11 shows a fairly compact probability distribution discharge as a function of the flow depth reported in the
for the flow raten. The small spike at approximately 0 indi- same figure. In addition, we plotted the individual contribu-
cates that there were phases without bed load transport. Thien of saltating, rolling, and resting phases to the total dis-
distribution showed a large plateau between the values of charge. The diagram reveals a splitting of the solid discharge
~ 3 beads/s and=11 beads/s, as though the flow rate wasinto three fractions across theaxis. The small peaks at
uniformly distributed within this range. =6 mm and 12 mm mainly represent transport at very low
The autocorrelation of the solid discharge has been revelocities—i.e., beads in the resting regime. The peak at
ported in Fig. 5. Compared to experiments A and B, the time=18 mm reflects the predominance of the rolling regime,
correlation was increased. This enhanced memory effect camhereas the peak =25 mm represents the saltating frac-
result from (i) the increased number of particles in the ob-tion. The distance between two peaks corresponds to the par-
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FIG. 13. The pdf of the contact angle between the beads in 0'04'.
rest. Experiments C and D. 0.004
ticle diameterd. The formation of sharp peaks in the diagram  0.00 T

provides evidence that the structure of horizontal bead layer: 2 0 2 46 8_ 1012 14 16 18 20 22 24
in experiment C influenced a great deal the transport. The n (beads/s)
solid discharge can thus be decomposed mainly into the sal-
tating regime(41.4%) and the rolling regim&46.6%); the
contribution of the beads at reghoving at low drift veloci-
ties) was low (10.0%). , o ] . )
These solid-discharge properties depend to some exte {der in Fhe bed |mplled an |nterm|ttent movement of falrlly
on the particle arrangement of the bed. To study the structur@"9 Series of particles. The fluctuations of the solid dis-
of the two-dimensional bed more precisely, we calculated th&12r9e were, to some extent, influenced by the bed arrange-
packing fractionC,, of the beads at rest. For this purpose, wement.
calculated the border polygon in the,y) plane that in-
cluded all the centers of the beads at rest. The packing frac-
tion was defined as the ratio between the part of the surface
occupied by beads to the total surface of the polygon. The Our intention was to reduce artificial ordering effects of a
time-averaged value was,=0.846, which lay midway be- two-dimensional particle arrangement as much as possible.
tween the values of a square latti¢®,=0.785 and a trian- To limit the formation of horizontal_ bead Iay_ers_, we con-
gular lattice, the densest packii§,=0.908. The packing Structed another channel bagee Fig. 2D)]. Similarly to
fraction parameter was not sufficient to describe the be@XpPeriment C, beads were observed in a saltating-rolling re-
structure given that it differed only slightly between experi- 9ime. However, the bead arrangement of the bed changed the
ments C and Ojsee also Sec. Il E We therefore examined charactensnc; of the transport conS|d_erany. We counted
the local order of the arrangement considering neighborind#461 leaps with a mean length and height of 4.4 and 0.50
particles. This leads to introducing the contact angle: Thdarticle diameters, respectively. The augmentation with re-
contact anglep is defined as the angle between thdirec-  SPect to experiment C was due to the increase in j[he water
tion and the line linking the centers of mass of two beads irfl€pth. The water discharge when bed load equilibrium con-
sustained contact. Figure 13 plots the time-averaged proflitions were achieved was considerably higher than for ex-
ability density function of contact angles for all the beadsPeriment C; the water depth value was thus higher as well.
constituting the bedsolid line for experiment € A polar ~ The pdf plot of the solid discharge was bell shaped and
plot was used for an easier comparison with the images oféarly symmetriqsee Fig. 14 There was, however, an ac-
Fig. 2; a bin size of 5° was chosen. Only the range 0—1g0€umulation of phases with low transport rate@
of the function is shown. It can be seen that contacts weré" 1 bead/$.
found most frequently in the horizontal direction. This het- The characteristic time of the intercorrelation function
erogeneity in the contact angle distribution results from thévastp=0.33 s(see Fig. 8 and differed only slightly from
statistical computation being made on a collection of beadghat of experiment C. The mean velocity of the saltating
which spanned nearly 40 particle diameters in theirec-  beads(us=0.30 m/g was very close to the velocity found
tion, but only approximately 3 in thg direction. There is a for experiment C. As previously, the characteristic time can
second maximum near 120° and a third one at 60°, revealinge directly related to this saltating particle velocity, but not
that the bed structure was not too far from a crystalline structhe rolling particle velocity(u,=0.062 m/$.
ture (triangular latticg. Contacts in the 120° direction were ~ As for experiment C, we calculated the time-averaged
more frequent than those in the 60° direction. This indicatesolid discharge as a function of thecoordinate(see Fig.
that beads in the upper part of the bed frequently came to 45). Here, rolling and saltating phases appeared in wider,
halt against a bead in the downstream direction, at an angleverlapping zones. Both saltation and rolling zones showed a
of 120°. There were almost no contacts between these peak¥eak aty=26 mm; the rolling zone had an additional peak at
Since the bed was permanently rearranged as a result =19 mm. While the peaks were less pronounced than for
interactions with moving particles, it tended to build up regu-experiment C, the distance between them still corresponded
lar structures. The disorder imposed by the channel base w#g d. The solid discharge could be broken down into three
not sufficient to prevent formation of horizontal layers. Thecontributions: 56.9% of resulted from saltating particles,

FIG. 14. Probability density functiofpdf) of the solid discharge
n for experiment D.

E. Disordered mobile bed (experiment D)
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FIG. 15. The solid dischargeas a function of the coordinate \ R
(total solid discharge and elementary contributjofias experiment ] \_\ﬁ\ - \\\}\‘*
D. In the background the cumulated images of the sequence ar R T N
plotted. I —— ey |

=y \\ K‘ .
36.1% from rolling beads, and 7.0% from creeping beads of ; T —— == .
the bed(versus 41.4%, 46.6%, and 10.0%, respectively, for N
experiment §. Compared to experiment C, the rolling move- 4 r T T T T T T
ment was less frequent. This can be shown by looking atthe ~ ° % 100 150 20
. . . X (mm)

superimposed images of the sequence in the background ¢
Fig. 15: there was more disorder in the bead arrangement roling A Jiffoff
which prevented long layers of beads from sliding. In other — saltation m settling
words, to reach the imposed total solid discharge, the water
stream was more intense than for experimengfl@w rate FIG. 16. From the image sequence to the bead propagation in

40% higher than for experiment)@nd therefore could trans- the plane(x,t). Experiment D.
port more saltating particles. This reveals the tremendous ) i .
interplay between the water flow rate, the bed arrangement, Furthermore, different eventat a certairx position and a
and the moving solid phase: small changes in the bed corf:ertain time; see Fig. 3&ould be observed, for example:
figuration led to substantial variations in the water flow rate (i) A bead in saltation overtook another one in the rolling
and solid phase features. regime and the traces intersecisge Fig. 16 ak=80 mm,

The changes in the bed configuration mainly resulted=0.19.
from the particle arrangement. Indeed, the packing fraction (ii) A series of four particles was set into rolling move-
of the resting bead€,=0.827 was only slightly lower than ment(see Fig. 16 ak~150 mm,t=0.4 s.
the value obtained for experiment C. Differences in the bead (iii) A bead in saltation was decelerated suddenly because
arrangement could be seen in the pdf of the contact anglesf a collision with another bead. It switched into a rolling
shown in Fig. 13dashed line for experiment)Dwhich was regime but returned to saltation a few images later. The bead
more evenly distributed than for experiment C. The maximathat had been hit moved about one diameter then came back
were lower and the minima less pronounced. However, théo rest(see Fig. 16 ak~150 mm,t=1.5 9.
crystalline symmetry was not completely broken. Note that, in the diagram of Fig. 16, we show only 4 s of

To relate solid-discharge fluctuations to particle trajecto-the sequence, whose total duration exceeded 60 s. The cited
ries, it is interesting to examine the spatiotemporal beaavents were nevertheless typical of the experiment and re-
propagation by reporting the particle movement in the) produced with modifications over the whole sequence.
plane. Figure 16 shows the bead propagation, including a The diagram shows that there were beads frequently
sketch of how the diagram was obtained. Only beads in sakwitching between rest and rolling; others were switching
tation (black lineg and rolling (gray lineg are presented; between the rolling and saltating regimes, whereas the tran-
beads at rest have been omitted for the sake of clarity. Beadgtion from rest to saltation via rollingor from saltation to
entered the observation window on the left and left it on theres) was rare. We studied these cases of a bead liftoff and
right. The time propagation is downwards. Since xheom-  settling more precisely. This first required defining the re-
ponent of the velocity of a bead is the ratio betweensthe gime transitions more accurately. A bead that stayed at least
displacement and the elapsed time, it is equivalent to théive imageq0.039 $ at rest and therat leas} five images in
slope of the trace. Given that beads usually moved faster ialtation (with a rolling phase of arbitrary duration in be-
the saltating regime than in the rolling regime, thg/At  tweer) was defined as liftoff; settling was defined in the
quotient was larger, which can be seen in the diagram. Noteame way. In the diagram of Fig. 16, we marked the transi-
as well that the beads in saltation typically traveled distanceton from rest to rolling(from rolling to resj of the liftoff
as long as the window length before coming to rest, whereasvents(the settling evenjsby triangles(squares A striking
beads in the rolling regime often moved only a few beadfeature is that the liftoff and settling events often occurred in
diameters before stopping again. tight ranges ok. We observed, for example, seven liftoffs in
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saltation from rolling depended a great deal on the bed ar-
rangement: It was shown thép the local dynamicsliftoff,
settling was largely dependent on the bed arrangement and

1
R _k A

e Pe Dae ~ Ak Ay
O A SR S O S e RS et i? (ii) there were space and time correlations in the regime tran-
sitions, implying collective changes in particle behavior. This
FIG. 17. A single image of the sequenceta.0 s. It shows @  gpgservation is of fundamental importance from the theoreti-
downward and an upward step which provoke the liftoff and thecq) viewpoint because it emphasizes the importance of taking

- {
P ) Y
29 Pood 8o %00

settling of beads respectively. Experiment D. into account particle arrangement in the study of regime tran-

sition. Apart from a few recent experimental investigations
the range of 10 mmx<40 mm in the time period [16], there are very few theoretical or experimental works
0s<t<3s and eight settling events in the range ofthat have been devoted to this topic.
140 mm<x<170 mm in the period 1.5st<4 s. This ba- Compared to a usual laboratory channel used for sedimen-
sically resulted from bed structures, as shown in Fig. 17: Aation studieg15], our experimental setup differed by sev-
downward step in the bed forced the ejection of beads and agral characteristics. The main drawbacks were the small
upward step made beads in saltation collide and come to resthannel width and the particles, which were spherical and
These structures were typically active for several secondgirly monosized. They were necessary limitations that al-
until the bed rearranged. lowed us to capture the entire movement of a set of particles
(on the order of 100 individuals To our knowledge, this
microstructural investigation has never been conducted pre-
viously and experiments helpfully supplement numerical

In this paper, the dynamics of particle transport in a tur-Simulations[17]. _
bulent water stream was investigated experimentally. We Further investigations are under way to study the particle
used an inclined channel in which the particle and watefmovement under different flow conditions. For this purpose,
supplies at the inlet were controlled accurately and the move? Number of experiments have to be run by varying control
ment of each particle was measured. This facility was infarameters such as the solid and liquid discharges at the
tended to idealize the sediment transport in steep gravel-beghannel inlet as well as the channel slope.
rivers. Consistently with field observations, preliminary ex-

IV. CONCLUDING REMARKS

periments revealed substantial fluctuations in the measured ACKNOWLEDGMENTS
solid discharge, whereas the flow conditions were kept sta- ] )
tionary on average. This study was supported by the Cemagref and funding

We ran a series of four experimerifs-D) with a growing ~ Was provided by “Programme Avenir” of Rhone Alpes Re-
number of processes involved, to understand and discrim@ion, by the “Programme national risque naturels” of INSU/
nate the origins of these fluctuations. Experiments provide@@NRS, by the “Programme national risque hydrologique”
clear evidence that these fluctuations resulted, to a large e¥NSU/ECCO, and “Action Concertée Incitative Risques na-
tent, from the finite size of the observation window. Experi-turels” of the CNRS. We are grateful to the laboratory TSI
ments A and B done with a fixed bed showed that solidNathalie Bochard, Jacques Jay, and Jean-Paul $chon
discharge also inherited stochastic properties exhibited by
individual particles. Fluctuations were exacerbated when the APPENDIX
bed was mobilgruns C and [ that is, deposition and en-
trainment of particles were made possible. Mobile bed ex- Using simple assumptions makes it possible to obtain the
periments were also characterized by a spectacular change Rfobability density functiorP; of the flow raten. These as-
particle transport behavior, notably in the occurrence of roll-sumptions are the following.
ing and saltating regimes. Solid-discharge variations with (i) The number of particles is distributed according to a
time were intercorrelated to obtain a characteristic time of?oisson distribution; that is, we have
particle motion. For fixed bed experiments, the characteristic
time was nothing but the average time for a particle to travel Pn(Nj) =
the length of the observation window. For mobile bed experi- N;!
ments, the characteristic times were found to b(_a larger; it Waghere . is the average number of particles contained in the
mamly related to fch_e mean d_ownstream velocity of the _S_al'observation windowg =F[N;].
tating phase. A striking result is that, although the probability (i) The particle velocity is Maxwellian; that is, its varia-

density function of the solid discharge differed significantly i5ns” around the mean velocity are normally distributed:
between runs C and D, there was not much difference be-

tween their intercorrelation functions. Another notable result 1 (U —u)?
is that solid discharge depended a great deal on bed arrange- Pu(u) = exp{— 202 } '
ment. Although the solid discharge was kept constant for .
either experiment, the water discharge at equilibrium wasvhereu is the mean velocity and 2 the velocity variance.
40% higher for experiment D than for experiment C; more- (iii) The velocity probability is independent @j the par-
over, the saltating movement was more frequent for run Oicle number as well agii) the velocity of close particles
compared to run C. Regime transitiofelling from rest, because flow is dilute.
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e APy
We introduceU=3MY, u; the sum of particle velocities FIPJw) =3 i(, )
(streamwise componenttor the N; particles included in the k@ _j:O it 1),

window. Sincen=U/L, the pdfPy of U is related to that of
h by P,=LP,(Lh). Thus computingP, is tantamount to wherecfpk):(—l)l'(dj In F[P]/dwl), o are called the cumu-
computingP;,. The probabilityPy is obtained by summing lants. For a normal distribution, the two first cumulants cor-
the elementary probabilities of observifgparticles whose respond to the mean and variance while the cumulants of
velocity sum equalét)—that is, order larger than 2 are zero. Here we find that:

CJ(Pk> - ZCJ(PU) forj=1,2,

Py=2 = —PUV),
k=1 c¢=0 forj=3.
where P, denotes the probability of observing the velocity

: Finally we deduce tha®, is a normal distribution of meaku
sum (for k particleg equal toU: n

and varianceo 2: P =N [Ku, Vka,]. One finally obtains

P.= f duydtp - dugPy (U Py(Up) -+ Pyl ooy et L exp[-(”“@z]
- " e k! 2wk oy 2kor 2

XOLU = (U +up+ - + U], Expressing this result as

* - e uk ku \;"’EO'
Pk:f duyduy -+ du-1Py (U Py(Up) - -+ Py Pa=2 TN{?TU]
o k=1 K
X[U=(up+ Uy + -+ +Uueq)]. it is straightforward to deduce the mean and varianc;pf
Taking the Fourier transform d®, leads to B[P, = mu
4 nd— y
L
FPd(w) = (F[PJ(w)¥,

where F[P,](w)=f€“YP,(U)dU. The Fourier transform can _ M‘Tﬁ

. Lo . Var[Ph] = 7 -
be expanded into an infinite series: L
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