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ABSTRACT

Discrete probabilistic model of the motion of saltating particles is proposed to investigate the
structure of the bed-load layer in detail. Motion of the multiple saltating particles are traced by the
stochastic simulation based on the Lagrangian model by considering the interparticle collision and
the irregularity of the collision and repulsion at the bed surface. The instantaneous motions of
saltating particles are displayed as a series of snapshots of simulation, and the existing height
distribution and the velocity profile of moving particles are predicted. The clear discrepancies are
found out between the results of the present simulation and that of the simulation in which the
motion of the single particle is traced without considering the interparticle collision. This fact
demonstrates an important role of the interparticle collision in the bed-load layer.

INTRODUCTION

The fundamental characteristic of the bed-load motion is its irregularity due to collision and repulsion
at the bed-surface and the interparticle collisions. The stochastic model is the one of the most effective
methods to express this characteristic, because it can describe the probabilistic varieties of the particle/
bed-materials and particle/particle collisions. Tsujimoto and Nakagawa (1) performed the stochastic
simulation of successive saltation with the two-dimensional hypothetical repulsive plane which expresses
the irregularity of the collision at the bed-surface. Tohdoh, Sekine and Kikkawa (2) executed numerical
simulation of successive saltation about the same period with Tsujimoto and Nakagawa. Wiberg and
Smith (3) also executed the numerical simulation of the saltation in flowing water. Sekine and Kikkawa
{4) extended their simulation model to the three-dimensional plane, and found that the transverse motion
of the bed-load particle is so small that it can be disregarded as compared to that in the streamwise and
upward-vertical directions.

The other essential characteristics of bed-load transport is the existence of the bed-load layer: the
high concentration of sediment is transported within the thin layer in the vicinity of the bed surface.
Such confinement of the moving region of bed-load particle makes the following two kinds of interactions
dominant: (i) particle/flow (solid/liquid) interaction and (ii) interparticle collision.

One of the most suggestive approaches for describing the former interaction is the PSI-cell model
proposed by Crowe, Sharma and Stock (5). Nakagawa, Tsujimoto and Gotoh (6) proposed a simulation
model of the saltation layer by introducing PSI-cell model for the coupling of the solid (particle) and
liquid (flow) phases.
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The latter interaction is too complicated to be investigated experimentally even by the present
measuring techniques. Hence the numerical simulation of the granular assembles is a trump for
overcoming the deficiency of the experiment in clarifying the interparticle collision. The most popular
approach to the interparticle collision is the Distinct Element Method (DEM) proposed by Cundall and
Strack (7). DEM is originally proposed as an effective approach to the situation that each constitutive
element gathers closer and the deformation of the medium is sufficiently small. In the bed-load layer,
however, the motion of particle is very rapid and the relative position of the individual particle also
changes rapidly. A suggestive method to the rapid motion of the particles was proposed by Campbell
and Brennen (8) for simulating the steady granular shear flow. Each element is connected by the spring
and dashpot for describing the interaction among the contacted particles in DEM; while in Campbell and
Brennen’s model a straight-forward approach to the interparticle relation was intended based on the
classical dynamics of rigid body.

DEM is applicable to the simultaneous contact of multiple particles; while, in Campbell and
Brennen’s model, each particle should not collides with more than two particles during the time step of
the calculation. Hence, under the high concentration of the sediment, Campbell and Brennen’s model
requires very short time step of the calculation and it prevents the computational efficiency. Meguro,
Iwashita and Hakuno (9) performed the simulation of the debris flow by the DEM in which some parts of
the calculation of the contacting force among the constitutive elements are modified by considering the
momentum conservation law. The advantage of the DEM is the applicability to the various situations;
while the advantage of Campbell and Brennen’s model is the exact treatment of the interparticle collision.

In this study, the successive saltation model proposed by Tsujimoto and Nakagawa (1) is combined
with the Campbell and Brennen’s model for interparticle collision, in other words, Lagrangian model of
the saltating particles is extended to describe the motion of multiple particles simultaneously. Although
the authors have already proposed a simulation model for the particle/flow interaction in bed-load layer
(6), particle/flow interaction is not here considered in order to simplify the problems and to clarify the
purpose of this study. Hence the clear water assumption in which the log-law of flow-velocity distribution
is supposed is applied to flow field.

SIMULATION MODEL
General Feature of present simulation

- In the stochastic simulation of successive saltation, we estimate the characteristics of the saltating
particles as the long-time average of the irregular motion of single saltating particle. In such an approach,
we cannot trace the trajectories of multiple particles simultaneously, consequently the interparticle collision
cannot be strictly considered. - This deficiency of the stochastic simulation has been prevented the
application of probabilistic analysis to the bed-load transport under the high-bed shear stress, where the
interparticle collision occurs frequently. In this paper, the previous simulation model of successive
saltation is refined to be able to trace the multiple saltating particles simultaneously in special regards to
the interparticle collision.

In the uni-directional uniform streams, the
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streamwise components of flow- and particle-
velocity are dominant, and the vertical component -}\ —@ {-@»@}—
of particle velocity is also dominant due to the
collision and repulsion at the bed-surface.
Therefore, for the simplicity, the streamwise and
vertical two-dimensional motion of the saltating
spherical particles are traced in the domain between
two vertical planes which stand each other at the
interval of particle’s diameter, as shown
schematically in Fig.1. The definition sketch of
the calculating domain is shown in Fig. 2. For the
simplicity, the steady and uniform flow, in the
inclined channel with the angle 8 to the horizontal
direction, is treated in this study, therefore the
periodic boundary condition is applied at the :
upstream and downstream boundaries, the detaxi Fig. 1 Two-dimensional motion of
of which is mentioned later. ~ saltating particles
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Motion of Individual Particle

Motion of an individual saltating
particle is not so keenly affected by the
flow-turbulence that the moving process
of the particle apart from a bed surface can
be regarded as the deterministic process;
while the collision and repulsion at an
irregular bed surface bring the stochastic
characteristics of the saltation. Hence the
key of the saltation model is how to
describe an irregular collision at a bed
surface. The body of studies (Tsujimoto
and Nakagawa (1); Tohdoh, Sekine and
Kikkawa (2); Wiberg and Smith (3); and
Sekine and Kikkawa (4)) were performed
to describe the irregular motion of the
saltating particle due to the collision and
repulsion at a bed surface. In this study,
the simulation model of the irregular
successive saltation with the two-dimensional hypothetical repulsive plane, which was proposed by
Tsujimoto and Nakagawa (1), is modified and generalized.

The trajectory of the saltation is governed by the following equations.

Fig. 2 Definition sketch of calculatirig domain

I du, 1
p(;+ CM) A3d3—af- ———ECDpAzdz‘/(U—uP)z +(V=-v,)"(U-u,) | 0

o dv, 1 c
p(; + CM) A’ Ef' = —Z-CDpAzdz J(U )+ (V=v, ) (V-v,)~ p(—i; - l)gA3d3 2

24 dJiU-u ) +(V-v )
Cp=Cout 2o i R - y — - ®)

]

where x, y=the streamwise and upward vertical coordinates, respectively; U, V=mean velocity components
in x,y directions, respectively; p=mass density of fluid; g=gravitational acceleration; d=diameter of
saltating particle; iy v =streamwise and upward vertical components of speed of the saltating particle,
respectively; CM_addé)d mass coefficient (=0.5); o=mass density of saltating particle; A,, A;=two-and
three-dimensional geometrical coefficients of particle (Ay=Tt/4,A3=Tt/6), respecuvely, and Cp=drag
coefficient. The parameter Cpy,, depends on the shape of the partlcle Che=0.4 fora sphere and
Cpe=2.0 for the natural sand as recommended by Rubey (10). The turbulence of flow velocity is
neglected in the equation of motion, because the previous experimental results (Tsuchiya and Aoyama
(11); Nakagawa, TSU}lmOtO and Akao (12)) indicate that the trajectory of saltation is not keenly affected
by the turbulence.

Collision and repulsion at bed surface

The bed surface is assumed to be composed by the spherical particles which have the same diameter
as the saltating particles. The bed material particles are to be densely arranged, the centroids of which
are located on the same elevation as shown in Fig. 2. All of the coordinates of bed material particles are
calculated before the beginning of the simulation of saltations, and they are stored in the memories to be
referred in the collision assessment of saltating particles.

Even if all of the bed-material particles exposed at a surface are located at the same elevation, the
collision and repulsion are not deterministic because of the irregularity of a colliding point due to the
geometry of a bed-material particle. In this simulation the bed-material particle is spherical, therefore
the geometrical characteristics is represented by the angle of hypothetical repulsing plane against the
mean bed surface, or. Fig. 3 shows a definition sketch of the collision and repulsion. The change in the
speed of a saltating particle by collision and repulsion on a bed surface is written as follows:
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Where (#y;. Voin)s (Hooue Vooud=VeloCity vectors of saltating particle just before and after the collision,
respec:tiv%[n ; fnd e, ﬁrepu‘%swe coefficients. The angel o distributes in a certain range. Fig. 4 shows
the extreme situation of the distributing range of o The saltating particle B collides with the bed
material particle A. The particle A is sheltered by the particle C when the angle between the depositing
direction and the mean bed surface, 6y, is smaller than 7t/6. The angle o is formulated as a function of

By after some geometrical considerations as follows:

- - - Saltating particle ||Hypothetical
Saltating particle / Hypclzthetlc?l 45 re%ision plane
repulsion plane ;

N P
Bed material NioanBed C
A e
particles Bed particles|

surface e
Fig. 3 . Definition sketch of collision and Fig 4 Maximum and minimum o
repulsion at a bed-surface '
. Arcsin{(l -&)sin6,, - 1} -6, +~;£ for 6, s 7—;—
Arcsin (—1— —<§0) sin@, - [?icos 6,.1-0, + z for 6,> z )
2 2 2 6

The condition of successive saltation at a bed is given by the following equation.

c v? ]
—+C )—ﬂ"—:»(-——»})gA (6)
(p ") 2 " \p ’

where A, =height of a protruding obstruction on a bed due to the irregularity of bed surface (4,/d=0.1 in
this study). This equation implies that the kinetic energy of the vertical velocity of a saltating particle
just after collision is smaller than the potential energy of a protruding obstructions.

Interparticle Collision

Two particles are taken to be in contact, when the distance between their centers ((x;, y;), (xj, yj)) is
less than the sum of their radii as follows:

J(xi “xj)z + (}’, ‘}’;)2 < d (7)

This condition is assessed at every time step of calculation after updating the position of particles, and if
this condition is satisfied, the point of contact is determined by the following manner as illustrated in
Fig. 5 where i=1 and j=2. (X, Yp), (X, Vo;) are the positions of particle i at 7 and 1+Ar, respectively. (x,;,
¥,3) 18 the virtual position at #+41 for calculating the colliding point and Eq. 7 is to be satisfied at 7+ Az
Introducing a linear approximation to the trajectories of saltation during Af leads following equations.

i yai"" Vi (xi _ xbi) + Y (z = 1,2) ) (8)
Xoi ™ Xy

4

i
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where r =ratio of division between the positions at # and 7+Af. At the colliding point, the distance
between the centers of two particles ((x;, ), (xj, yj)) is equal to the sum of their radii as follows:

‘/(x,.~xj)2+(y,.-yj)2 =d ; r=<l1 : ’ | (10)

The ratio of division r_ is determined by solving - _
Eq. 10 with Egs. 8 and 9, and then the coordinate | Modified Position
and the speed of the particle at the colliding point ~ (after Collision
are calculated by using rg and the linear
interpolation. ;

The change in the particle’s speed due to the (Xp1:Y p1)
collision is estimated by considering the common
tangent to the both particles at the colliding point
as similar as the hypothetical repulsive plane. The
angle of the hypothetical repulsive plane against

(xavya!)

the streamwise direction ¢ is given as follows: lggﬁ“lswn |
e
before Collisi ime=t
(X ion (Time =1) |
Xy - X
o= Arctan(— < cz) (11) Fig. 5 Definition sketch of interparticle
Y~ Ve collision

where (x;, y.;)=centers of the colliding particles (i=1,2). By considering the momentum conservation
law and the law of repulsion in the directions parallel and vertical to the hypothetical repulsive plane, the
speeds of the particles just before and just after a collision are related to each other as follows:

e 2 T uf" & = (1+ep)cosz¢+(1——];)sinz¢

vl 1| g A & ||wl| & =(-¢)cos’ p+(1+ f)sin*¢|

w | 2|e A g A b= (Lre)sin’ +(1- f)eos™9 (12)
you A& A& 50 & =(l-e))sin* ¢+ (1+ f,) cos* ¢

A = (e, + f)cos¢sing

where e, fpzinterparticle repulsive coefficients, and the subscripts “in” and “out” express the values
before and after the collision, respectively. .

Periodic Boundary Condition

Since the uniform flow is treated in this study, the upstream and downstream sides of the control
volume are bounded by the periodic boundaries, which improves a computational efficiency by limiting
the number of the particles contained initially in the control volume. A particle passing through the one
of the periodic boundaries reenters into the control volume immediately through the other periodic
boundary.

In this calculation, some contrivance is required to satisfy the periodic boundary condition, because
the motion of particles is not always downstream direction due to the interparticle collision with other
moving particles. A particle which just passes out the downstream periodic boundary has a chance to
collide with other particle to move in the upstream direction and it has a possibility to reenter the control
volume through the downstream periodic boundary. In order to overcome this difficulty, the following
technique is adopted here: The particles in the neighborhood of the periodic boundaries are duplicated
as illustrated in Fig. 6. In other words, special regions named ‘duplicated particle region’ abbreviated
“DPR” are prepared just neighboring downstream of the both boundary sides of the control volume. In.
Fig. 6, the shaded area is the control volume, and the areas surrounded by the dashed lines are DPR,
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respectively. The dummy particles are

introduced in the downstream DPR, and the
motion of pairs of the particles in the

| Periodic Boundary

(@ Dummy Particle
\@fuplioated Particle
A ‘ ,

upstream and downstream DPRs are

synchronized with each other perfectly. oz Z. 7

Hence, if the particle in one DPR collides with H_o_v!_., ?Calcul‘ate 7%

the particle outside of the DPR, the effect of : / Domain ’

the collision is delivered to the particle in the ; / '

other DPR in calculation. When a particle O @

moves out of DPR, the dummy particle is O / O
deleted from a memory. By introducing the 0O O o o & O o o
DPR, the periodic boundary condition is O 'e) /é o O O
satisfied even under the existence of the O -0V ¢ .® " O
particle which passes through the side —»—qu- ’%

boundaries in the upstream direction.

Procedure of Simulation

Figure 7 shows the procedure of
simulation as follows: [1] The individual saltation
is traced to estimate the existing height and the
velocity of the saltating particle in clear-water flow,
or without an interparticle collision; [2] The initial
positions and velocities of the particles are
determined on the basis of the calculated results in
clear-water flow.  [3] The motion of particles
during a time At are traced by integrating the Egs. 1
and 2 numerically with taking account of the
interparticle collision. [4] If the collisions occur
during At, the position and the velocity of particle
after a collision is calculated by the Eqgs. 6~11, and
they are updated. [5] This procedure is iterated
during T, and the existing probability and the
velocity 5 saltating particles at respective height
are averaged in each 7;, for judging the convergence
of the simulation. The time for averaging 7, is set
1s in this simulation.

Table 1 shows the hydraulic condition of
numerical simulation and flume experiment, where
I.=energy gradient; h=flow depth; U, =bulk mean
velocity; uy=shear velocity; and Tw=dimensionless
bed shear stress. Spherical glass beads of the
specific gravity 2.60 and the diameter 0.4 cm are
used as test particles in simulation and experiment.
In this simulation the number of particles initially
placed in the control volume is determined in a
following manner: Firstly, the number of particles,
which 1s not necessarily an integer, are calculated
based on the Meyer-Peter and Miiller’s sediment
transport formula (13) by supposing the length of
the control volume in the streamwise direction.
And then the length of the control volume in
streamwise direction is adjusted with care to set the
integer number of particles in it.

 The motion of the particles are traced
explicitly in this simulation, therefore the
convergence and the stablhty of the simulation is
keenly affected by the time step Ar. If the time
step is set longer than an appropriate value, a
saltating particle may collide twice with other

Duplicated Region
for PeriodicBoundaries

Fig. 6 Periodic boundary
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3

Calculate PDF of
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Fig. 7 Procedure of simulation

- Table 1 Condition of experiment
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particles during Az, then the multiple collision assessments are required for calculating the motion of
single particle during At and, consequently the complicated computer algorithm is required. On the
other hand, if the time step is set too shorter than an appropriate value, the simulation becomes time-
consuming, or it takes long time to converge. In this simulation, the time step is set Ar=0.002 s by a trial
and error method to avoid the multiple collision assessments and the decline of computational efficiency.

RESULTS AND DISCUSSIONS
Instantaneous motion of saltating particles

This simulation provides a huge

amount of data on the instantaneous motion v/d ] [[AJt=4.840s [F]t=4.850s

of saltating particles, or their positions and 5.0 | Velocity 4 g|REPUISION28) 1
velocities. Although our main purpose is - ﬂg,g é’% Cid OGQ 3
to estimate the mean structure of saltation N 3..,6' s% G &é’q ‘%‘;
through the averaging operation of these 0.0 C’Z 4 23

data, the instantaneous motion of saltating .

particles is also important to understand the vd_| |[B]i=4.842s [G]t=4.8525
physical aspect of the phenomena. 5.0 0@? 9 golision(25) 1
Furthermore, the reliability of the simulation -3 [Cal

o

9
e 8 3 Lo o(%Q'
is promoted by visualizing the instantaneous ] 5(@ O %
motion of the particles. Fig. 8 shows the 0.0 ?‘ a2y g?‘ 7 25
typical snapshots of the continual 10 frames Repulsion(5) —

Ed

which shows the results of the simulation zfg: éﬂﬁf&% ; ' [F‘xggﬁgngz,a

after the convergence. ] 0 é« o @gé»
In Fig. 8, the momentum transport due 1l r i Sacs 2

to interparticle collision was detected among ] §9§g 2%-3(]% g (g,‘

the particles Nos. 2, 5and 6. In the frame 0.0~ 5 a2

C, the descending particle No. 6 and the =

ascending particle No. 2 collide with each ;_/g: ;{12];3?3'18::&,6 Ut=A4.856s

other and repulse; and then the vertical —%r.w 0 eé% - e 0(?&

component of both particle’s velocity B ow 3 2 T%

change the sign in the frame D: the particle 1 B 2@‘ Ca &;G» 4 23

No. 6 moves upward, and the particle No. 2 0.0 5

moves downward. In the frame E, the y/d ] éE]M.gmas [J]t=4.858s

descending particle No. 2, which has lost its 5.0 [Collision(25) 1 g

momentum due to the collision with the 7 Y 1 0 @'C" Cagh o%'

particle No. 6, collides with the ascending - 1AOP N8 B 30Ky

particle No. 5 and gains the upward vertical 0.0 o= 21 h & On 25(}(19‘

momentum. In the frame F, the descending ) P l"' -

particle No. 5, which has lost its momentum 0.0 s!o x/d 10?0 oo 15!0I ,x(/d' 1!0,'0

due to the collision with the particle No. 2,

collides and repulses at the bed-surface, and Fig. 8 Instantaneous motion of particles

then it moves upward. In the frame G, the

particle No. 5 collides again with the particle

No. 2 and supplies the momentum to the particle No. 2. Hence the upward momentum possessed of the
particle No. 5, which moves in the vicinity of the bed, is transferred to the particle No. 6, which travels
in the upper region, via the particle No. 2 in the intermediate region with moderate height.

The interparticle collision, which plays a role of momentum transfer from the bottom region to the
upper region, brings the change in the motion of individual particles. The particles traveling in an upper
region of the bed-load layer are supplied with the upward vertical momentum by the collision with the
ascending particles from the bottom region, to continue traveling in a long distance. While, the particles
traveling in a bottom of the bed-load layer supply a portion of their upward vertical momentum to the
particles traveling in the upper region, and their saltation lengths are assumed to be shorter due to the
loss of the momentum.

Change in saltation trajectories

Although the probabilistic variety exists in the individual saltation due to the irregular collision
and repulsion at a bed surface, the interparticle collision brings the additional variety to the motion of
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saltating particles. Fig. 9 shows some
of the trajectories of the saltation with
interparticle collision. The trajectories 6.0 T .=0.23

of the individual saltation are smooth /g LT
in which the sudden change of the f [Particie 1] \\ e,
velocity and moving direction can be S ; [Particle ] A0
detected only in the collision and §oeme NN

H NS

repulsion at the bed surface. While, = 3.0
the trajectories in Fig. 9 have many
small notches with sharp edge, which
indicate the sudden changes of
velocity and moving direction of.
particle due to interparticle collisions. 0.0 Frrrrrrrrrrrprrrr e

0.0 25.0 . wd 500

saaadaaaadeaadyassls

Existing-probability distribution and Fig. 9 Trajectories of saltation
velocity profile of saltating particles

To clarify the statistical characteristics of the saltation, the existing-probability distribution and
mean-velocity profile of saltating particle are discussed. Fig. 10 shows the existing-probability distribution
of saltating particles predicted by the present simulation (multiple-particle-tracing model; abbreviated as
“MPT”-model) compared to that of single-particle-tracing model (abbreviated as “SPT”-model) and the
experimental results. The experiment was conducted in open channel flow under the same condition as
shown in Table 1. The motion of the particles were recorded by a CCD video camera through the
transparent side walls of the flume. The existing- ~ ~
probability distribution and the velocity profileof ~ 15.0

saltating particles were investigated by analyzing /d —0—  Single
the video film. y ———  Mult

The SPT-model underestimates the existing 10.0 ®  Experiment
probability in the upper region; but overestimates :
it in the middle region. While, the MPT-model 7,=0.23
shows an excellent agreement with the experiment
in the whole region. The MPT-model can simulate 5.0

the existence of the particle reaching the high
region, to which a particle saltating independently
of others (simulated by SPT-model) cannot attain,

due to the interparticle collision. In other words, 0.0 T "

the particle moving in the upper region can continue 0.0 02 pDF 04
traveling without touching the bottom surface by ‘

the provision of momentum due to the interparticle Fig. 10 Existing probability distribution of

collision with the particles ascending from the lower saltating particle
region; and then, it reaches the higher region than : :
the maximum height of saltation calculated by STP- . 5

model. i o ~=0-— Single

Fig. 11 shows the velocity profile of saltating ~ Y¥/d ||—o— wmuti d
particle calculated by the present simulation (MPT- I ®  Experiment
model) compared to that of SPT-model and the ®
experimental results. Although, both of the MPT- | =023
and the SPT-model show the overestimation of the 251 @

experimental result in the whole region, the MPT-
model improves the discrepancy between SPT-
model prediction and the experimental result. In A
detail, the experiment shows the change in the ] e
gradient of the profile in the middle region: the ! @
gradient in the upper region is steeper than that in ‘ ®
the middle region, then the inflection point exists 0.0 ! T
in the middle region. This tendency is fairly well 00 10 20 30 40 50
“predicted by the MPT-model. Fig. 12 shows the ; Jiolo-Dad
velocity profile of saltating particles normalized by up/N(o/p-1)gd
the velocity at the height y/d=4.1. The defectof  Fig. 11 Velocity profile of saltating particle
the bottom-neighboring velocity is well performed ~ ; ;




by the MPT-model, hence the important role
of the interparticle collision on the bed-load
transport in the bottom-neighboring layer
is clarified.

Even the MPT-model cannot agree
well quantitatively with the experiment.
This can be regarded that the interphase
momentum transfer, which brings the
change in flow-velocity profile due to the
existence of the saltating particle, is not
considered in the present simulation. Fig.
13 shows the prediction of the two-phase
flow model proposed by Nakagawa,
Tsujimoto and Gotoh (6), in which the

PSI(particle-source-in)-cell model is

introduced to couple the k-€ turbulence
model of the flow with the Lagrangian
model of saltation. The velocity profile in
clear-water flow is attenuated by
introducing the PSI-cell model for the
intephase momentum transfer; but the
whole shape of the velocity profile is not so
much affected by the interphase momentum
transfer. The combined model of the
interphase and interparticle momentum
transfer will bring the further improvement
on the velocity profile of saltating particle.

CONCLUSIONS
The two-dimensional simulation of

the saltating particles in flowing water has
been developed with special reference to the

interparticle collision. The results obtained

in this paper are summarized below:

(1) The series of snapshots of the
present simulation express momentum
transport in the upward vertical direction
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50 :
1 |— @ — Single ® =0
y/d ~—O— " Mult - ©=0.23
® Experiment i
Upy : velocity: ® i
257 at y/d=4.1 :
e ‘0
: 130
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Fig. 12 Dimensionless velocity profile of
saltating particle
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Fig. 13 Velocity profile of saitating particle

(PSI-cell model for interphase
momentum transfer)

due to the interparticle collision.

(2) The trajectories of saltation are :
keenly affected by the interparticle collision: sudden change of the velocity and moving direction of
saltating particle is brought by the interparticle collision.

(3) The existing probability distribution of saltating particles is estimated as a statistical
characteristics of bed-load motion. The single-particle-tracing model underestimates the existing
probability in the upper region, because it cannot consider the existence of the particle continuously
moving in the upper region by the provision of the momentum due to the interparticle collision with the
particle ascending from the lower region. The discrepancy between the experimental results and the
single-particle-tracing model is modified by the present model.

(4) The velocity profile of the saltating particle, which is overestimated by the single-particle-
tracing model in a whole region, is modified well by the present model. Change in the shape of the
velocity profile, or the defect of the velocity in the bottom-neighboring region, is explained fairly well
by the present model. :

The constitution of the numerical model was already published in Japanese (14), but revised herein.
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APPENDIX-NOTATION
The following symbols are used in this paper:
Az, A3 = two-and three-dimensional geometrical coefficients of particle, respectively;
Cp, Cpoe = drag coefficients; k
Cym = added mass coefficient;
d = diameter of particle;
e f = repulsive coefficients (=0.75);
e Jo = repulsive coefficients for interparticle collision (=0.8);
g = gravitational acceleration;
h = water depth;
I, = energy gradient;
R, = Reynolds number;
I = ratio of division between the position of particle at 7 and 1+ At;
uyv = mean flow velocity in streamwise and upward vertical direction, respectively;
Un = balk mean velocity;
Up, Vp = velocity of the saltating particle in streamwise and upward vertical direction,
respectively; ‘ ‘
Ugin, Vgin = Velocity of the saltating particle just before a collision in streamwise and upward

vertical direction, respectively;
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velocity of the saltating particle just after a collision in streamwise and upward
vertical direction, respectively;

dimensionless shear velocity;

coordinate in streamwise and upward vertical direction, respectively;
coordinate of center of i-th particle in streamwise and upward vertical direction,
respectively; k

angle of hypothetical repulsing plane against the mean bed surface;

height of protruding obstruction on a bed;

time step for calculation (=0.002 s);

angle between depositing direction and the mean bed surface;

angle of hypothetical repulsive plane against streamwise direction for the interparticle

_collision;

kinematic viscosity;
mass density of fluid;
mass density of particle; and

dimensionless shear stress.
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