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ABSTRACT

Bed-load layer is described as the solid/liquid two phase {low, where the phenomena are con-
stituted by the following key-elements: (i) the random motion of the bed-load particle due to the
irregular collision and repulsion at the bed surface; (ii) the interphase momentum transfer; and (iil)
the interparticle collision. The random motion of bed-load particle is described by the irregular
successive saltation model and the PSI (Particle-Source-In)-cell model is introduced to express the
interphase momentum transfer. Then the PSI-cell model is modified by taking account of the effect
of the interparticle collision on the trajectories of saltation. The simulation based on the present
model agrees well with the experiment on the existing probability density and the velocity profile of
the saltating particle.
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larity of the contact between saltating particle and bed material particles. Tsujimoto and Nakagawa (1),
Sekine and Kikkawa (2), Wiberg and Smith (3) performed the numerical simulation of irregular succes-
sive saltation from the viewpoint of stochastic model, where the bed load transport process was de-
scribed as an ensemble set of successive saltations. To simulate the irregular collision and repulsion at
the bed surface, Tsujimoto and Nakagawa (1), Wiberg and Smith (3) employed the two dimensional
hypothetical repulsive plane, while Sekine and Kikkawa (2) considered the collision with simulated bed
surface composed by random arranged particles.

Another important feature of the bed-load transport process is the existence of the bed-load layer:
the bed-load particles are transported within a thin layer nearby bed surface. Hence, under the high bed
shear stress, the concentration of bed-load particle becomes sufficiently high so that the momentum
transfer between solid and liquid phases is not negligible. ‘A possible way to represent the interaction
between solid and liquid phase is coupling a Lagrangian model of saltation with an Eulerian model of
the flow. Crowe, Sharma and Stock (4) proposed the Particle-source-in (PSI)-cell model for the Euler-
Lagrange coupling and performed the numerical simulation of gas-droplet flow. Nakagawa, Tsujimoto
and Gotoh (5) fulfilled the numerical simulation of the bed-load layer based on the PSI-cell model. In
their simulation, the negative source of the momentum, which indicated the existence of saltating par-
ticle, was added in the governing equation of the flow field, and was evaluated by computing the efflux
rate of momentum due to the motion of saltating particles from each control volume of the flow field.

The other important feature of the bed-load transport process is the interparticle collision: the
saltating particles confined in the bed-load layer may frequently collide with each other under the high
bed shear stress to change their moving directions and velocities. The most straightforward approach to
this phenomena is the simulation of granular materials proposed by Campbell and Brennen (6). They
assumed the granular material as the group of cylinders and numerically traced the motion of cylinders
flowing down along an inclined channel, with considering the inter-cylinder collision. Gotoh,
Tsujimoto and Nakagawa (7) conducted the numerical simulation of bed-load particles on the basis of

* the granular-materials simulation by Campbell and Brennen, where, the motion of the multiple saltating
particles were traced simultaneously with considering the interparticle collisions and the irregular coili-
sion and repulsion at the bed surface. Although such an approach is accurate, it spends much time in
CPU when it is coupled with PSI-cell model for the interphase momentum transfer. Instead, an ap-
proximate method for the estimation of the effect of interparticle collision is derived in this paper, which
is based on the Lagrangian simulation of the motion of single particle and it is coupled with modified
PSI-cell model. ~

MODEL FOR INTERPHASE MOMENTUM EXCHANGE IN SALTATION LAYER
Model of continuum flow (liquid phase):
Eularian approach is applied to the continuum flow (liquid phase) by solving the governing equa-
tions of vertical two-dimensional k-g turbulence model, in which the effect of the saltating particles is

considered through the additional terms in momentum equations. Then the governing equations for the
continuum {low phase in vertical two-dimensional flow are written as follows:
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where, x,y=the streamwise and upward vertical coordinates, respectively; U, V=mean velocity compo-
nents in x,y directions, respectively; P=deviation from hydrostatic pressure; 2=flow depth; p=mass den-
sity of fluid; g=gravitational acceleration; f=averaged bed slope; Spy;.Spy=sink terms for the interphase
momentum transport; I=effective viscosity; v=kinematic viscosity; v,=eddy kinematic viscosity, and
G=production of turbulence energy. The empirical constants are set at the recommended value by
Launder & Spalding (8) as follows: C=0.09, €, =144, C,,=1.92, gi=1.0 and o =1.3.

The effect of saltating particles 1 is transferred through the additional source terms Spy;,Spy in the
momentum conservation equations. These additional terms bring other unknown correlation terms in k-
and g-equations, and it requires some models with empirical constants to make the governing equations
closed to be solved. Although the models of unknown correlation terms in k-and €-equations should be
verified experimentally, the deficiencies of experimental technique prevent from precise measurement
of the turbulent structure in bed-load layer. In this study, the unknown correlation terms in k-and &-
equations are not considered, therefore, the solution of turbulent field is not directly influenced by the
saltating particles but affected through the change of the mean velocity field by the additional momen-
tum source terms Spy;,Spy-

Model of saliating particles (solid phase):

The most important aspect of saltation model is the description of irregular motion of saltating
particles due to the collision and repulsion at the bed surface. Tsujimoto and Nakagawa (1) proposed
the simulation of successive saltation, in which the irregularity of collision and repulsion at the bed
surface is expressed by the hypothetical repulsing plane. In this study, their stochastic model is modi-
fied and generalized.

The trajectory of the saltation is governed by the followmg equauons
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where, d=diameter of saltating particle; u,,v =streamwise and upward vertical components of velocity
of the saltating particle, respectively; Cw_adpded mass coefficient; o=mass density of saltating particle;
A, As=two-and three-dimensional geometrical coefficients, respectively; and Cy=drag coefficient. The
parameter Cpe depends on the shape of the particle: Cp=0.4 for a sphere; and Cpe=2.0 for the natural
sand recommended by Rubey (9). The experimental evidence indicates that the effect of turbulence on
the trajectory of saltation is not significant (Tsuchiya and Aoyama (10); Nakagawa, Tsujimoto and
Akao (11)), consequently, the flow velocity in a drag coefficient Cp, is evaluated by the mean velocities
Uuyv.
Figure 2 shows a definition sketch of the collision and repulsion at an bed surface. The change in

the velocity of the saltating particle is written as:
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where (#gin.Vgin), (HgouVeou)=velocity components
of saltating particle just before and after collision,
respectively; ando=angle of the hypothetical repuls-
ing plane against the mean bed surface. The param-
eter ¢ is a probabilistic variable which represents the
irregularity of the collision. Even if all of the bed
material particles exposed at surface are located at
the same elevation, the parameter « is not constant
because of the irregularity of colliding point due to
the configuration of an individual particle on the bed
surface.

Hypothetical
repulsion plane

Bed material
particles

Fig. 2 Definition sketch of collision and repulsion
. . ata bed-surface
PSI-Cell model for interphase coupling:

The key of the interphase coupling is how to express the effect of the saltating particle on the con-
tinuum flow. One of the solutions of this problem is to adopt the particle-source-in-cell (PSI-cell)
model which treats the saltating particle as a source of momentum in the continuum flow field. The
flow field is divided into a series of cells, and each cell is regarded as a control volume for the liquid
phase. As a saltating particle passes through a given cell, it is accelerated or decelerated and brings the
resultant momentum deficiency or augmentation of the flow field.

Figure 3 shows a saltating particle traversing a U-cell "j" of flow field. The change in the momen-
tum of saltating particle by traversing the j-th cell is defined as the product of particle's mass by the
difference in the velocity of the particle at the borders of the cell. And the net efflux rate of the momen-
tum of saltating particles is obtained by averaging the efflux rate for all trajectories of the saltating
particles which pass through a given cell. This scenario can be formulated by calculating the efflux rate
of the momentum due to the saltating particles as follows:
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where gg=sediment discharge; (tpiy;,Vpini)s (UpoutisVpour)=velocity components of the saltating particle
coming in and going out the j-th cell respectively; N;=the number of the saltating particle traversing the
J-th cell ; R=the coefficient of the change in particle*s velocity due to the interparticle collision in the j-
th cell; AVi=volume of the j-th cell; w;=coefficient for the distribution of the sediment discharge of the j-
th cell; fgzx,y)zexisting probability density of the saltating particle; and o,;=empirical constant dis-
cussed below.
The particle, which looses its velocity due to the inter-
particle collision, recovers the velocity by the momentum Scalar-cell ™ 'gzo0erd grid
provision from the flow field, consequently the additional N for flow field
loss of momentum due to the interparticle collision occurs in \
the flow field. This effect is taken into account approxi-
mately through the parameters R; and w.. - Determination of &
these parameters will be discussed in the following chapter.
When the flow field is uniform in the streamwise direc-
tion, the averaged characteristics of saltating particles is also
uniform in the streamwise direction, therefore, the particle's
velocity which is required for the estimation of the argumen-

Saltating

tation of momentum should be recorded on the border of the Particle No. i
series of layers parallel to the bed surface. In the uniform ; :
-flow condition, the cell "j" is regarded as the layer "j", hence Unin Node of o
the parameter w; is rewritten as follows: g
Yoarj Fig. 3 Saltating particle traversing U-cell

w; = st(y)dy ' (12)

Y misj



17

saltatingm particle.

In general, the interaction term in the momentum equation of flow is calculated by spatially inte-
grating the momentum loss due to the motion of sediment particles over each grid-cell of the flow,
hence, the effect of the sediment particles on the flow should be the sub-grid scale one. In the bed-load
calculation, to treat the interaction term as a sub-grid scale effect is prevented by the following two
contradicting requirements: (i) The bed-load particles are mostly coarse-sediment; and (ii) in the vicinity
of the bottom wall, the thin cell for the flow calculation is essential to improve the accuracy of the
calculation. Therefore, in the vicinity of the bottom wall, the thickness of the cell for the flow calcula-
tion is larger than the diameter of sediment particle, in other word, the effect of the sediment particle on
the flow field is not necessary regarded as the sub-grid scale one.

To avoid this contradiction, the time-and-spatially-averaged governing equations of the flow are
introduced in this simulation. If the most part of a certain flow cell is occupied by saltating particles at
a moment, the particle moves away from the cell in the next-few-time steps, and the cell will be occupied
by water. By introducing the long-time-average operation into the governing equation of the flow, the
interaction terms of the flow equation can be defined as the ensemble average of the effect of each coarse
sediment traversing a flow cell. Based on this definition of the governing equation of the flow, the
simulation can be performed even under the condition that the diameter of the sediment is comparable to
the thickness of the flow cell.

Where Ynayi . Ymin=upper and lower border of the layer /*; and, fz(y)=existing probability density of the

MODELING OF INTERPARTICLE COLLISION

Strictly speaking, the interparticle collision should be treated by tracing the multiple particles
simultaneously (see Gotoh et al. (7)). Such a straightforward approach requires too much CPU-time to
couple with the PSI-cell model for the interphase momentum transfer, which also needs the iterating
calculation to get the convergent solution. In this study, to save the CPU-time for calculating the
interparticle collision, the effect of the interparticle collision is approximately evaluated on the basis of
the motion of the single particle passing through the group of particles, among which the relative posi-
tion of each particle does not change. :

How to estimate the parameters of the interparticle collision, R, and w; is shown schematically in
Fig. 4. Firstly, the motion of individual particles is traced in the clear water flow (see Fig. 4 [A]), and
the existing probability density and velocity profile of the saltating particles are calculated through the
statistical operation of the simulation data of the saltation trajectories. Secondly, the group of the
saltating particles are arranged based on the existing probability density of saltating particle in the clear
water flow (see Fig. 4 [B}). These particlesare
assumed to move at the respective velocity at
each level following the mean velocity profile
of the particles. Thirdly, the motion ofapsingle (CETTO LY
particle passing through the group of the
saltating particles are traced on the coordinate
system moving at the same velocity as the
group of saltating particles at each level, where
the rgiatwe posmons of the group Oij the Group of saltating particies distributed follwing the
saltating particles do not change (see Fig. 4 |statistical characteristics of indivisual saltation
[C]). Finally, the parameters of the interpar-
ticle collision, R, and w, are estimated based on
the simulated trajectories of a single saltating
particle moving through the group of saltating
particles. Although the interparticle collision
brings about the change of the velocity to the
both of the colliding particles, the following Group of saltating particles
assumption is introduced for simplicity: the ve- (position of each particle is fixed)
locity and the position of the saltating particle [Saltating particie Tl
included the group of the particles dose not (Moving coordinate
change due to the interparticle collision. This | Systemintne _,AL_»

. [ . . same velocity
assumption is inevitable to estimate the effect | ;5'ne group of
of the interparticle collision based on the trace | particles
of a single particle.

Under the situation illustrated in Fig.

"4{C], the loss of the momentum of the saltating
particle due to the interparticle collision is only

Superposition

Existing P.D.F.
& Velocity profite of
saltating paricles

P N W, /A

A Tl e ETLE
4Bed maerial particles

Fig. 4 Estimation of parameters of interparticle collision
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considered, even if the argumentation of the momentum of other saltating particles occurs simulta-
neously. It means that the effect of the interparticle collision is overestimated there. While, under the
situation illustrated in Fig. 4[A], the motion of the individual particle is perfectly independent of the
motion of other saltating particles, in other words, the trajectory of the saltation is not affected by the
interparticle collision. The real saltation exists between the situations [A] and [C], so that the existing
probability density of saltating particle, fg(y), for the real situation is assumed to be written as follows:

H) =[-8 "0+ B.A® ; ‘ (13)

where fS(y), fs™(y)=the existing probability density for the saltation in Fig. 4[A] and [C], respectively;
and ﬂp:the interpolating parameter for between the both extreme situations [A]} and [C]. Under the
situation in Fig. 4[C], the momentum of saltating particle is not transferred but lost by the interparticle
collision. In this sense, the situation in Fig. 4[C] is more extreme than that in Fig. 4[A], therefore the
parameter f3; is near the unity. Hereitis set 0.9. The parameter as for the existing probability density,
wj is written as follows:

Wi fB()’j)A)’j _ I_ﬁp + _ st(yj)A,Vj
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where wjcl =wj for clear water flow. The parameter of the change in velocity due to the interparticle
collision, R;, is defined as follows:

B (14)

N .
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where N°o=number of the collision in the j-th cell;and  d
Upf,Uar=velocity vectors of the particle just beforeand 2.5+
after collision, respectively. Fig. 5 shows the calcu-
lated results of R; and R, (the ratio of the probability
density function jg$ to fg™) under the condition shown 0.0
in Table 1, where l¢=energy gradient; fi=flow depth; ’ )

Um=bulk mean velocity of the flow; u,=shear velocity; 00-. 02 . 04 00 20 40
and T,=dimensionless shear stress.  Spherical glass
beads of the specific gravity 2.60 and the diameter 0.4 Fig. 5 Distribution of R; and Ry

cm were used as the test particles in the experiment and

the simulation. The coefficients of repulsion is set

e=f=0.75 to get the agreement between the averaged saltation height of the experiment and that of the
simulation.

PROCEDURE OF THE SIMULATION AND BOUNDARY CONDITIONS

The procedure of simulation is illustrated in
Fig. 6, and explained below. [1] The flow field

without containing saltating particles is solved to Table 1 Condition of experiment

find the velocity profile of the clear-water flow.

[2] The trajectories of the saltating particles in energy gradient le {0.02
clear-water flow are calculated to estimate the ve- flow depth h | 829¢cm
locity and the existing probability density of | bulk mean velocity Um | 144.8 cm/s
saltating particles. [3] The coefficients of the in- shear velocity u. | 13.56 cm/s
terparticle collision, R; and wj, are estimated by | dimensioniess shear stress v | 0.23

using the results of the simulation of successive
saltation. [4] The source terms of the momentum
conservation equation are calculated for each cell throughout the flow field. [5] The flow field is solved
incorporating these source terms, and then [6] the trajectories of the saltating particles are estimated
again in the corrected flow field and the momentum source terms are updated, thereby completing the
cycle of the interaction between solid and liquid phases. This iteration is continued until the discrep-
ancy of the updated solution from the previous one becomes sufficiently small. ‘

The technique for solving the governing equations of flow ficld is an extension of the TEACH
code developed by Gosman and Ideriah (12). The governing equations are discretized on the staggard
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grid by employing SIMPLE algorithm proposed by
Patankar and Spalding (13). Aninstructive source code is

registered in the program library of the Data Processing Solve flow field
Center in Kyoto University: "TEACHTB / A general com- s mods)

puter code for two-dimensional, turbulent recalculating ]

flows using the two-equation k-¢ turbulence model” P T
(originally corded by F.J.K. Ideriah, A.D. Gosman and ajectories with costficients of
W.M. Pun, modified by M. Takemoto). The calculated wo-dimensional |7 interparticle
region is covered with 10 (in the streamwise direction) X repulsion mode! _ colision

16 (in the vertical direction) grid cells. In order to calcu-

late the bed-load layer precisely, the non-uniform grid is Evaluale particie

adopted in the vertical direction, in which the width of the

grid becomes larger gradually from the bed to the free- :

surface. And, in the streamwise direction, uniform grid is Sotva flow fiold
arranged the step-size of which is the same as the flow with the source terms e
depth.

The boundary conditions for the calculation are as No
follows: At the bottom, the well-known wall function is
applied. The mean velocity in the streamwise direction, Yes

Up, at the lowest point of grid, yp, follows the logarithmic Evaluate the statistical e
law as follows: characteristics of saltation
U 1 y Fig. 6 Procedure of simulation
—L = —In| =& |+ 4, (16)
. K \k

where x=Kdrmdn constant (=0.41); ks=equivalent roughness height (=d); and A;=constant (=8.5 for
rough bed). kand €at the lowest point of grid are calculated by the local equilibrium assumption (G=¢)
and the logarithmic law of velocity profile, as follows.

1 :
;kg-;- ==333 ;¢ =2 (17)
* \‘ I3

At the free surface, an axial symmetric condition is modified in the following manner: Firstly, the flow
field is solved with an axial symmetric condition, in which the free surface is regarded as the central axis
of a pipe flow. After that, the boundary condition at the free surface is modified by considering the
damping of turbulent energy at the free surface after Nezu and Nakawaga (14) as follows:

U
A
where, D =damping factor (0.8 is used in this study after an recommendation by Nezu & Nakagawa );
and the subscripts "a" and "w" imply the pipe flow and the open channel flow, respectively. At the
upstream end and the downstream end of the calculated field, a periodic boundary condition is em-
ployed.

The time interval for calculating the trajectory of a saltating particle, A¢, is set at 1/500 second as
proposed by Nakagawa, Tsujimoto and Gotoh (7). By using this time interval, the trajectory of the
standard saltation at 7,=0.23, whose height corresponds to the averaged height of all samples of salta-
tions, is divided into about 50 steps. Hence fifty sets of the successive saltations are calculated in each
cycle of the solid-phase calculation, this condition corresponds to calculating 500 numbers of the indi-
vidual saltation at 7,=0.23.

After the alternate iterations of the liquid and solid phases for several times, the discrepancy of the
updated flow field solution from predetermined one becomes sufficiently small, and one obtains a con-
vergence of the calculation. The solutions mentioned below are the results after 10th iterations where
the convergent condition is satisfied.

The sediment discharge gg was calculated by the Meyer-Peter and Miiller's formula (15) for the
given dimensionless bed-shear stress.

w

k.=D,-k , D =08 ( J L, (18)

t
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RESULTS AND DISCUSSIONS

Results of liquid phase:

Figure 7 shows the velocity distribution of flow con-
taining the equilibrium discharge of sediment for the given
dimensionless bed shear stress 7,. The experimental con-
dition is the same as that shown in Table 1. - The bulk-
mean velocity, Uy, and the water depth, £, are given in the
calculation, hence these values of the sediment-laden con-
dition are the same as that of clear-water condition. The
downward shift of velocity profile in Fig. 7 is caused by
the increase of the shear velocity (the denominator of the
coordinate), which implies the increase of the energy gra-
dient of the flow. In this figure, flow velocities are nor-
malized by shear velocity, which is estimated as a result of
the simulation. The experiment shows a discrepancy of the
velocity of sediment-laden flow from that of clear-water
flow. Although the tendency of the experiment is clearly
simulated by both of the PSI-cell model and the modified
PSI-cell model, the PSI-cell model gives an overestima-
tion in the middle region of the flow (1<y/d<10). This
discrepancy is reduced by the modified PSI-cell model,

10.0

—&—  Clear

———  PSl-cell

——8——  Modified PSi-cell
Experiment

® Sediment-Laden

0.0

Tip

10° 10!

Fig. 7 Flow velocity profile

y/d

which takes the interparticle collision approximately into account. The gradient of the velocity profile
in the experiment becomes gradually milder with approaching to the bottom. This tendency is caused
by the vertical mixing of momentum in bed-load layer promoted by the motion of the saltating particles.
Kawamura (16) found out the similar characteristics in the velocity profile of the blown sand layer. As
for the brown sand, the relative density of the sand to fluid (air) is about 10° times larger than that of the

sediment driven by flowing water,
therefore, the effect of the contained

sediment in water flow is weaker than  P. D. [[—o— woditied PSt-cet - e modiied PSI-cel
3 1. b PSlcell . 8 e DS Lcall
that of the air flow. 0 e Corea

Results of solid phase:

The statistical characteristics of
individual saltation are shown in Figs.
8-11. Fig. 8 shows the probabilistic
densities of the streamwise velocity

1.0

059 [

component just before a collision at 00 25
the bed, ugin, and that just after a colli-
sion, #gout. The probability density
profile of ugiy is skewed: the gradient
of a rising limb is smaller than that of
falling limb. On the other hand, the
probability density profile of #egye is

Ugine = Ugin /\’(c/p - 1)gd

Fig. 8 Velocity of particle just before collision at a bed
{streamwise components)

0.0 T
50 00 2.0

o]
Ugoute =Ugaut/ V{olp - 1)gd

4.

approximately symmetrical, although p. n.
the some parts of the rising limb are ]
cut off by the line #gou=0. Fig. 9 ’
shows the same tendencies which are
found in the probability density pro-
files of vgin and vgou, namely, the up-
ward-vertical component just before
and after a collision at the bed.

e PSi-cell
@  Cloar

== Modified PSi-cell

P. D.
1.0

=G Modified PSl-cel!

051 7

As for the detail of the probabil- =
ity density profiles of the velocity 0.0 1.0
components, the modified PSI-cell
model is different from others.
Namely, the second peak in the low-
speed region of the probability density
are found in modified PSI-cell model,

0.0

Fig. 9 Velocity of particle just before collision at a bed
(upward vertical components)

20 00 20 40 -
Ygine =vgin/ V{o/p - 1)gd vgoutr =Vgout/ V{olp - T)ad
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300 15 - 08
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P. D. T bedtearSiesti p p, e P. D. ~—8—  Modified PSi-cell

= PSl-call

- Claar

15.01

0.0 .7 T - !
? 3 Oin T

Fig. 10 Angle 6, and B4y
Fig. 11 Height of saltation Hg

especially in the probability densities of the upward-vertical
velocities Vgin and Vgonr.

Figure 10 shows the probability density profileof the g9
angle between depositing direction and streamwise one, Gy,
and that of the angle between the repulsing direction and
streamwise one, Opu. The angel 8, distributes with narrow
band; while the angle 6y, distributes in a wide range due to
the irregularity of the bed surface. The second peak, which
was found in the probability density of the characteristic
velocities, is also found in the distribution of Guyt.

The existence of the second peak in the modified PSI-
cell model can be explained by the change in saltation tra-
jectory due to interparticle collisions. The increase in the ° o5
variation of the angle 6, diminishes the effect of sheltering 0.0 i
among neighboring particles on the bed; and it conse- 0.0 02 0.4
quently makes the distributing range of the hypothetical re- Prob. Density
pulsing plane o wide. The variation of the angle 6, in the
modified PSI-cell model is larger than those of the others.
In other words, the additional irregularity in the motion of
saltating particles caused by the interparticle collision brings the larger value of 6y, which is not found
in the individual saltation without collision, and brings the wide-range distribution to the angle 8. The
particles colliding with other saltating particles looses or gains the energy and it collides the bed surface
in lower velocity than the particle without interparticle collision. The second peaks found in the distri-
bution of ugip and vgiy might be brought by this effect. Fig. 11 shows the probability density of the hight
of saltation, the peak of which appears approximately at fg/d=1.0 caused by the interparticle collision.

Inthe present model, the motion of the single particle passing through other saltating particles, the
relative positions of which are fixed, is traced as illustrated in Fig. 4; therefore the effect of the interpar-
ticle collision is considered only for the motion of a traced particle. Inother words, the positions and the
velocities of other saltating particles do not change due to the interparticle collision. Gotoh, Tsujimoto
and Nakagawa (7) found that wider range distribution of Hj is predicted as the result of the simulation of
granular materials, in which the motion of the saltating particles with interparticle collision traced si-
multaneously in clear water flow. In the present simulation, the bed shear stress is set at 7,=0.23,
therefore the discrepancy between the simulation of granular materials and the present simulation is not
so small to bring no severe error to the total structure of the flow field.

Figure 12 shows the existing probability density of the saltating particle in the vertical direction
calculated under the condition in Table 1, and the result of the experiment in the open channel flume is
also shown in this figure. The clear-water flow model gives an overestimation in the upper region of
saltation layer and gives an underestimation in the lower region; while the PSI-cell model revises the
discrepancy properly to improve the agreement with the experiment. The agreement between simula-
tion and experiment is furthermore improved by introducing the modified PSI-cell model, in which the
effect of the interparticle collision is considered.

Figure 13 shows the distribution of the streamwise component of the particle's velocity calculated
under the condition in Table 1. The result of the experiment in the open ‘channel flume is also shown in
‘this figure. The clear water flow model shows a significant overestimation, since the clear water flow

&~ Clear Modified PSi-cell

-t PSl-cell % Pp
y/d 002 0.9

e 503 0.9
& 0.04. 0.9
%) Expariment

5.0

Fig. 12 Existing probability density of particles
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model is not able to treat the
damping of the drag force act-
ing on the particle caused by

the momentum-loss of the flow 8.0 77— 4.0
.. N . odified PSi-cell i Clear { -
by containing particles. This O s fp | e Ptoet e 307 PP e T g
tendency becomes remarkable ¥/d [—=— 002 08| 0  Experiment 208 ° i
. . X {—*— 003 08 ’
with decreasing the height e 004 0.9 o, 1.0 :
form a bed, because of the in- : 0.00 0.02 0.04
crease of the existing probabil- 4o ¥ oo %
ity of saltating particle. Al- Nl < tntecton point
though better agreements are Yt
recognized among the result of yralli"
the PSI-cell, that of the modi- B 06 =
) — xperiment
fied PSl-cell model and the ex- o7 e ® e
. i 0.0 T 2la 0.3 e @ 1
periment, even the modified 0.0 20 40 e
PSI-cell models model cannot ’ : ; m' 2 0.0 .
express the details of the veloc- =~ up/V(olp - 1)g 0.00 002 o 0.04
ity profile of particle. The rea- Fig. 13 Velocity of particles )
son of this discrepancies is re- Fig. 14 Verification of modified
PSl-cell model

garded as the approximation of
the interparticle collision in
modified PSI-cell model.

The modified PSI-cell model includes the empirical constant oy, Fig. 14 shows the verification of
constant %by considering the characteristics of the velocity distribution of particle in the near-bottom
region. e height of the inflection point found in the velocity distribution and the deviation of the
velocity at the bottom schematically shown in this figure are compared with each other against the value
of op. The simulation gets the best agreement with the experiment at 05=0.03.

CONCLUSIONS

PSl-cell model for describing the bed-load layer as a two-phase flow is revised by considering the
additional effect due to the interparticle collision. The results obtained in this paper are summarized
below:

(1) The solid phase is expressed by the stochastic model of irregular successive saltation; while the
liquid phase is described by the k- model of turbulence with the momentum sink term. To connect
those two phases, PSI-cell model is adopted.

(2) To evaluate the effect of interparticle collision on the interphase momentum transfer, PSI-cell
model is modified. The coefficients of the modification of PSI-cell model are evaluated on the basis of
the motion of a single particle among other saltating particles, the relative positions of which do not
change.

. (3) The velocity profile of the flow in bed-load layer is calculated. The experimental result on the
change in velocity profile by containing the sediment is explained fairly well by the present simulation.

(4) The probability densities of the characteristic quantities of the individual saltation (particle's
velocities before and after collision with the bed, saltation height and so on) are predicted by the present
simulation. The effect of the interparticle collision on the motion of the individual saltation is consid-
ered by comparing the results of the PSl-cell with that of modified PSI-cell model. Each probability
density of the characteristic quantities predicted by PSI-cell model has a single peak; while the predic-
tion by the modified PSI-cell model has another peak, which indicates the change in the trajectory of
saltation due to the interparticle collision. ;

(5) The existing probability density of saltating particles is also predicted by the present simula-
tion. Although the prediction of PSI-cell shows a better agreement with the experiment than the clear
water flow model, the modified PSI-cell model improves the accuracy of the prediction furthermore.

(6) The velocity profile of the saltating particle is also predicted by the present simulation. The
experiment indicates the change in the velocity gradient near the bottom, or an inflection point, appears
there. This tendency is fairly well explained by the modified PSI-cell model. B

Most part of this paper was published in Japanese (17), but revised herein.
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APPENDIX-NOTATION

The following symbols are used in this paper:

Az, As = two-and three-dimensional geometrical coefficients of particle, respectively;
Ar = constant in logarithmic profile of the mean flow velocity;

Cp, Cpeo = drag coefficients;

Cu = added mass coefficient;

Cie, Coe = empirical constants in k-€ model (=1.44, 1.92);

Cy = empirical constant in k-& model (=0.09);

Dy = damping factor for the modification of free surface of the flow (=0.8);

d = diameter of particle;

e f = repulsive coefficients (=0.75);

/B = existing probability density of saltating particle;
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s

generation of turbulent energy;

= gravitational acceleration;

average hight of saltation;
water depth;
turbulent energy and that at the lowest point of the grid, respectively;

= equivalent sand roughness;

number of the saltating particles traversing j-th cell;

pressure;

sediment discharge;

Reynolds number;

coefficient of the change of particle's velocity due to interparticle collision;

= sink terms of the momentum equation for the interphase momentum transport;
= mean flow velocity in streamwise and upward vertical direction, respectively;

balk mean velocity;

= mean velocity in the streamwise direction at the lowest grid point;

velocity of the saltating particle in streamwise and upward vertical direction,

respectively;

= velocity of the saltating particle just before a collision in streamwise and upward

vertical direction, respectively;

= velocity of the saltating particle just after a collision in streamwise and upward

vertical direction, respectively;

= dimensionless shear velocity;

coefficient for the distribution of sediment in j-th cell and that in clear water flow,
respectively;

coordinate in streamwise and upward vertical direction, respectively;

height of the lowest grid point;

angle of hypothetical repulsing plane against the mean bed surface;

= coefficients for the modification of interparticle collision;

effective viscosity ;

volume of j-th cell;

energy dissipation and that at the lowest point of the grid, respectively;
channel gradient;

Karmdn constant;

= kinematic viscosity;

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

= empirical constants of k-&¢ model (=1.0, 1.3); and

dimensionless shear stress.
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