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ABSTRACT

Bed-load transport at high shear stress is numerically simulated with the aid of the two-phase flow model, in which Euer-dagpbing of the
governing equations of the fluid and sediment phases are implemented. Fluid phase is described by the vertically twoldiredndiotence
model in unidirectional flow condition, while the sediment motion is expressed by the numerical tracing of the saltatesy pasifiuid/particle
interaction, as the main interaction mechanism, is explicitly introduced into the governing equations in the present nobdehciéréstics of the
mean-flow velocity profile of the saltation dominant flow, namely two-layer profile, is reproduced well with the presenExmet@ihental results
show the existence of the three-layer type velocity profile under the high bottom shear, while the present model canoetswgratharacteris-
tics. The limitation of the assumption in the present model by neglecting the existence of the interparticle collisiatissilsbed on the basis of
the results of the simulation.

RESUME

Le transport solide par charriage sous un fort cisaillement est simulé numériquement a I'aide d’un modéle diphasiquerBotgenlcagplé. La
phase fluide est décrite par un modele de turbullkeigc@D vertical dans un écoulement unidirectionnel, tandis que le mouvement de la phase solid
sédimentaire est exprimé par le suivi lagrangien des particules en saltation.

L’interaction fluide/particule, considérée comme prépondérante, est introduite de fagon explicite dans les équations desraatatdéristiques

des profils de vitesse moyenne pour des écoulements ou la saltation est dominante, a savoir les profils a deux cousmespsmdhiitas par le
présent modeéle. Les résultats expérimentaux montrent I'existence d’'un profil de vitesse comportant trois couches loesipradatast tres
important, ce que le modéle ne peut reproduire. Les limites de I'hypothése consistant a négliger les collisions ent@dssspattdiscutées a
partir des résultats de la simulation.

1 Introduction - . -
stitutive law from that of the clear-water. The main deficiency

Accuracy of the modeling of bed-load transport depends orof this kind of model is that the probabilistic characteristics of
how well the hydrodynamics is described. As far as the bottonmsediment motion is ignored. Kobayashi and Seo (1985); Bakker
shear stress is low, this hydrodynamics can be expressed withnd Kesteren (1986); and Asano (1990) should be mentioned
the interaction mechanism of fluid flow and sediment particles,among the studies devoted to the Euler-Euler coupling model.
namely the fluid/particle interaction. But, high bottom shear The probabilistic character of sediment motion can be described
stress induces the intense sediment transport especially near thesll with the aid of a Lagrangian model. In this type of models,
bottom, then the hyper-concentrated layer of moving sedimentshe following key points should be included: (i) the random
occurs. In this layer, the frequent interparticle collision brings motion of the sediment particles with the irregular collision and
another predominant interaction mechanism to the bed-loadepulsion at the bed; (ii) the interphase momentum exchange; and
hydrodynamics, the so-called particle/particle interaction. (iii) the momentum transfer during the collision and repulsion.

A two-phase flow model provides a very powerful simulation tool So far, some studies have been conducted on the simulation of
to describe the bed-load hydrodynamics. In the two-phase flovbed-load transport by using a stochastic model of successive
model, the governing equations of fluid phase are generallysaltating particles in the unidirectional flow. Most of them,
described in Eulerian form; whereas, the governing equations ofowever, were constructed based on the clear-water assumption
the sediment phase can be written in either Eulerian or Lagrangiawhich we term as the one-way model. Wiberg and Smith (1989)
form. Furthermore, by coupling the governing equations of bothperformed a numerical simulation based on the Euler-Lagrange
phases, a system of the Eulerian equations or Euler-Lagrangsvo-way model by coupling the irregular successive saltation
coupled ones is obtained to analyze the sediment-laden flow. model with the mixing length model. Later, Gotoh, Tsujimoto
In the Euler-Euler coupling model, the sediment phase is treatednd Nakagawa (1994) proposed the Euler-Lagrange two-way
as a continuum, which follows to the different kind of the con- model by coupling the irregular successive saltation model with
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thek-¢ turbulence model. In the model of Gotoh et al., the fluid/ o—p_VaC. _

particle interaction was described with the aid of the Particle- G = p °S.ay’ F=v+v,

Source-In (PSI) cell method, without considering the effects of ) (7a,b,c)
turbulence on the trajectory of saltating particle. v, = Cukg

Although, a few numerical studies on the bed-load transport
have been conducted with the Euler-Lagrange coupling, to the
best knowledge of the authors, even very little information |s :llhlcg L_J ;:]anr:;a;gloev;VelOcsilsrgrznggv(lj;?g:i?or;eipzcr:;)
available on the modeling of bed-load at high bottom shear y: e = -p o Y
static one;p = mass density of watery = gravitational
stresses. In this study, we apply the coupling of the irregular . . .
acceleration; = kinematic viscosity; = kinematic eddy viscos-
successive saltation model with tke turbulence model to the I = effective viscosityk = turbulent ener eneray dissi
sediment-laden flow under various level of bottom shear stresstyton P = production of turbulent ener. (gjfe o she?z;/r stfBss:
to investigate the applicability of such a framework to the sedi- pation, ™ = p 9y ’

ment-laden flow at high bottom shear.

2 Simulation model

2.1 Model of fluid phase

= buoyant production of turbulent ener@y;= particle volumetric
concentrationy, = turbulent Schmit number; anBly(, Fqy), (fox

fs) = mean and fluctuating components of drag term caused by
the existence of sediment particle per unit volume.

Fluid flow around sediment particle exerts a force on the sedi-
ments, and as a consequence of the action and reaction, the
same strength force, the so-called drag force, acts on the sur-

The governing equations of the fluid phase is implemented inrounding fluid of the sediment particle in the opposite direction.

the vertically two-dimensional coordinates as follows:

ou | oV

@)
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Hence, the interaction terms in the mean-flow equations are cal-
culated by the spatial average of drag force for every computa-
tional grid cells. A correlation between the fluctuating drag
force and the velocity fluctuation of the surrounding fluid of
particle is also included in the transport equation of turbulent
energy,k. The transport equation of energy dissipatignis
originally derived by assuming the analogy betwkeande-
equation, thus, the fluid/particle interaction term in this equa-
tion is defined similar to that of theequation with dimensional
adjustment.

The fluctuating velocity components of the flow,andyv, is
given by

U(t) = rolu;

in which r,, r, = random numbers following to the standard
Gauss distribution i andy directions; and/tz, /2 = turbu-
lent intensities inx and y directions, respectively. The two
series of random numbers satisfy the two-dimensional Gauss
distribution given by

v(t) = r\,ﬁ (8a,b)

flrary) = —Lexpd 1
rulv fpmzmﬂﬁ

expD (ry—y )0
0 2(1-y*) O

(9)

in whichy = cross-correlation coefficient of two series of the
random numbers. Turbulent intensities also can be estimated
based on the turbulent energy (Nezu, 1977) as follows:

Juzz = 1.108/k; Jvzz = 0.036/k (10a,b)
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The cross-correlation coefficient of two turbulent velocity com-

ponents is related to the Reynolds stress as follows:

—uv
y =

R

11)

For the water surface, the symmetric boundary condition is
applied in the first cycle of the calculation, then the second
cycle of calculation is conducted with a modification on the tur-
bulent energy with considering a turbulent energy damping at
the water surface based on the proposal by Nezu and Nakagawa
(1987).

The model constants are set according to Launder and Spalding

(1974) asC, = 0.09,C;, = 1.44,C, = 1.92,C5 = 1.0;0, = 1.0;
o, = 1.3; ands. = 1.0.

2.2 Model of sediment phase

3 Mean-flow velocity profile
3.1 Outline of experiment

The experiments were carried out in a tilting flume with a rec-
tangular cross section, with dimensions of 9m length, 32cm

The trajectory of a saltating particle is governed by the follow- depth, and 33cm width, as shown in Fig. 1 (Yeganeh, 1997). To

ing equations:

[0, cOpqed% - P 2,
pEb +CNDA3d Tt 2CDAzd 12)
JOU +u—u)?+ (V +v— )% (U +u—uy)

0, cOaqd% - P 2,
PEp + CifAd™ g = 5C A
JOU +u—u)? + (V+v= )XV + V=) — (13)
pEp —HoAd

24

Co=Cp. + Ee; ”
. dJ(U+u—w)’—(V+v-v,)’

\"

in whichd = diameter of sediment particle;= mass density of
sediment;A,, A; = two- and three-dimensional geometrical
coefficient of sedimenC,, = added mass coefficier@y = drag
coefficient Cp., = 0.4); andu,, v, = velocity component of sal-
tating particle irx andy directions, respectively.

2.3 Boundary conditions

obtain higher shear stress, the width of the working section was
decreased to 12cm. The water discharge was controlled by a
personal computer based on the feedback signals of an electric
current meter. To implement the hydraulically rough bed condi-
tion, the bottom of channel was carefully roughened by pasting
the same diameter particles as the moving sediment.
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Fig. 1. Experimental flume.

The supplied sediment consisted of glass beads with 5mm
diameter and a specific gravity of 2.6. The flow velocity was
measured by a Pitot-tube with a 3mm outer diameter. The large
size of the sediment has the merit of making possible the meas-
urement of the flow velocity distribution even inside the intense
sediment transport layer. The Pitot-tube was connected to two
pressure-transducers for monitoring the dynamic and static
pressure of the flow field. Analysis of pressure-transducer out-
put was carried out by replaying the signals recorded by a dig-

At the bottom, the wall function is implemented, namely the jtal data recorder, with the sampling rate of 50 Hz.
logarithmic law holds between the wall and the first grid point. The flume bottom inclination began frag= 0.01, then it grad-
Then the turbulent energy and the energy dissipation in thisyally increased up tig = 0.05. In the case of the bottom inclina-

region are given as follows:

(15a,b)

in which u. = shear velocity; an& = von-Karman constant
(k = 0.41).
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tion i, = 0.03, sediment particles were transported in the pure
saltation mode. Then transition from the saltation to the hyper-
concentrated mode has been observed with the increase of the
bottom inclination. Finally, at the bottom inclinatign= 0.05,
hyper-concentrated sediment transport with frequent interparti-
cle collision was reproduced. The experimental conditions are
shown in Table 1.
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Table 1. Experimental hydraulic condition.

a clear discrepancy can be observed between the simulation and the
experiment. The experimental velocity profile shows upward con-
cave form, which may follow a power-law distribution proposed
by Sumer, Kozakiewicz, Fredsge and Deigaard (1996), whereas
the velocity profile of the simulation is upward convex one. This
would apparently leads to the existence of the different governing
mechanism of the velocity profile in the hyper-concentrated layer
between the simulation and the experiment, which is not taken into
account in the present simulation.

iy h(cm) U cm/s) ws(em/s) Tx Guiem?/ss) | qslem?/s)
0.03 3.85 108.2 10.86 0.146 420 5.21
0.03 4.76 131.3 12.49 0.193 620 6.41
0.03 5.70 146.2 13.10 0.212 8§33 8.33
0.05 3.20 130.2 13.03 0.210 420 8.33
0.05 4.23 147.75 14.69 0.267 620 10.42
0.05 5.04 165.3 16.50 0.337 833 16.90

3.2 Characteristics of mean-flow velocity profile

Fig. 2 depicts the simulation result of the mean-velocity profile
in comparison with that of the experimental one (Yeganeh,
1997), at moderate flow intensity with the flume bottom incli-
nationi, = 0.03. The simulation result shows a very good agree-
ment with the experiment. The figure shows that the mean
velocity tends to a two-layer type profile with different velocity
gradient in each layer. The milder gradient part of the profile
coincides with the saltation layer, while at a certain transition
point it changes to the steeper gradient approximatelinthe
clear-water layer. This kind of profile was reproduced numeri-
cally by Gotoh et al. (1994) by the two-phase flow model with
the PSI-cell concept for the fluid/particle interaction.

The way in which the mean velocity of the sediment-laden flow
varies with the bottom shear stress is studied experimentally by
Yeganeh (1997). He reveals that the two-layer type profile is
the characteristics of the mean velocity under the moderate flow
intensity with rather low rate of the sediment transport in the
saltation mode. According to Gotoh et al. (1994), the mecha-
nism of two-layer type profile can be interpreted as follows. In
the saltation layer, there are two paths of the vertical momen-
tum transfer: (i) the momentum transfer due to the vertical mix-
ing of the fluid; and (ii) that due to the vertical motion of the
sediment particles keeping interaction with surrounding fluid.
An additional momentum transport due to saltation causes a
significant increase in the vertical momentum transfer of the
fluid-sediment mixture. Therefore, the velocity profile has a
milder slope in this region. It is evident that the fluid/particle
interaction is the predominant hydrodynamic mechanism of the
bed-load transport at moderate flow intensity.

With the increase of the flow intensity, a hyper-concentrated
layer of the moving sediments takes place in the bottom neigh-
borhood. In this layer, the moving sediments collide to each
other very frequently, hence the so-called particle/particle inter-
action becomes the predominant mechanism. Since the interpar-
ticle collision dissipates the fluid energy in a very high rate, and
damps the bottom generated fluid turbulence, it brings signifi-
cant change into the mean-flow velocity profile.

Fig. 3 gives a comparison between the measured mean-flow veloc-
ity and the simulation result under the three different flow intensity
in the cases af, = 0.05. Even though the particle/particle interac-
tion is not considered in the simulation model, the fairly good
agreement between the experiment and the simulation is found in
the upper region of velocity profile. In the bottom region, however,
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Fig. 2. Two-layer type velocity profile.
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Fig. 3. Three-layer type velocity profile.

4 Structure of mean-flow velocity field

in the case of, = 0.05 than the case igf= 0.03. The decreasing
rate of the Reynolds stress is associated with the provided
momentum from the flow phase to the sediment one to maintain
the saltation motion.

1.0 T, C(109)
y/h *
- —-—0.146 12.0
. -4 0.193 10.2
i --=-0.212 10.6
i — clear-water flow
0.54
| ip=0.03
O-O | T L} T T I I L} T 1 T ]
0.0 0.5 W/uf 1.0
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] - 0.267 17.0
i --0.337 204
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O-O ] T L) T T I l L) ¥ 1 L] I

0.0 05 g2 10

Fig. 4. Reynolds stress distribution.

Fig. 5 shows the distributions of the kinematic eddy viscosity
simulated by the present model for the various cases of the flow
intensities. At the bottom neighboring region, in which the sedi-
ment is transported, an approximately linear distribution can be
observed. The region of the linear distribution becomes large
with the increase of the flume inclination, which brings the
increase of the height of saltation. As a result of the turbulent
energy damping at the water surface in the model, the kinematic

Fig. 4 presents the Reynolds stress distribution of the simulateg¢ddy viscosity commonly decreases toward the water surface

result for the moderate flow intensity in the caseg, 6f 0.03,
and that for the high flow intensity in the cases$,of 0.05. In

after having its peak in the middle of the flow depth. In the case
of i, = 0.05, the kinematic eddy viscosity shows the significant

general, the Reynolds stress declines from the triangle distribudifference for the different bottom shear stress; while, in the
tion, which is an indication of the clear-water region, as thecase of, = 0.03, the kinematic eddy viscosity does not respond
effect of the moving sediments becomes significant. The elevakeenly to the change of the bottom shear stress.

tion at which it departs from the triangle distribution is shifting
upward in the cases of high flow intensity o+ 0.05. It means

that the effect of the moving sediment spreads in a wider range

JOURNAL OF HYDRAULIC RESEARCH, VOL. 38, 2000, NO. 5
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The mean velocity profile is determined as the result of the
momentum transfer due to the turbulence. Hence the character-

. istics of the mean velocity profile, or the existence of the two-
|b=0.95 layer and three-layer velocity profiles aforementioned, can be
explained based on the distributions of the properties of turbu-
lence. In steady and uniform flow, the mean-flow velocity can
be related to the Reynolds stress and the kinematic eddy viscos-
T, C(0%y :
ity as follows:
——0.146 12.0
-+=-0.193 10.2 U 1
--0.212 10.6 N YT
40210 194 3y W) (16)
-m- 0.267 17.0
-e-0.337 204
L By differentiating the logarithmic velocity profile, the velocity
v /i 0.3 gradient can be written in the following form.

*

t

Fig. 5. Kinematic eddy viscosity distribution.
ou _ U (17)
Fig. 6 presents the distribution of the turbulent energy. It is also ay Ky
seen that the higher flow intensity in the cases,of 0.05
causes higher rate of turbulent energy than that of the moderatgonsequently, when the mean velocity follows the logarithmic
flow intensity in the cases @f = 0.03. The difference of the dis- profile, the ratio of the Reynolds stress to the kinematic eddy
tribution for the change of the bottom shear is more clear in thesiscosity is inversely proportional tecoordinates as follows:

cases of, = 0.05 than the casesigf 0.03.

1.0 o . 1:% Eaale (18)
ir=0.03 !
y/h ]
1 In the clear-water layer, this relation should be satisfied. While,
1 in the saltation layer, in which the simulation data shows loga-
- rithmic velocity profile with a different gradient from that for
0.5 - . C (10 the clear-water flow, Eq. 18 also can be applicable by changing
J * the proportional factor, or K&rmén constant. Fig. 7 shows this
|—=—0.146  12.0 relation for the cases @& = 0.03 and, = 0.05. Two straight
-5-0.193 102 lines mean Eqg. 18, which satisfies the logarithmic velocity pro-
1-e-0.212 106 ) . L. _
| clear water flow file for the different Karman constants= 0.41 and 0.3. In the
case ofi, = 0.03, the simulation results, which agree with the
0.0 ' ! ' ! straight line ofk = 0.41 in the upper layer, shift downward in
0.0 1.0 20 3.0 the middle range, or 1.0 wd < 3.0. In the lower part of the
k/uf flow, the simulation results agree with the straight line of
K = 0.3. This fact shows that the turbulent structure also sup-
1.0 - ports the existence of the two-layer type profile in the mean-
] ,=0.05 flow velocity. While, in the case df = 0.05, the simulation
y/h ] results, which follow the straight line &f= 0.41 in the upper
i layer, shift downward in the middle range, or 2.9/d < 4.0.
The simulation results, which follow the linetof 0.3 in a cer-
| tain region, shift upward again from the linewof= 0.3 with
0.5 ., C (109 going downward. This fact roughly agrees with the tendency of
1 the gradient of the velocity profile in Fig. 3, which becomes
1-a-0210 194 . . ; .
_m- 0267 17.0 once milder in the middle and becomes steeper in the lower
1-e-0.337 204 part. In Fig. 3, the experimental results shift from the straight
1— clear water flow line of the middle part with following the upward concave
0.0 ' | T 1 curves; while, the results of the present simulation cannot repro-
0.0 1.0 20 3.0 duce such drastic change of the velocity gradient. The results of
k/u2 the simulation, in which the solid phase is modeled as the

Fig. 6. Turbulent energy distribution.

ensemble of the mutually independent saltations, show the
gradual increase of the gradient of the velocity profile.
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in upward direction after having a peak at a certain elevation.

10 'g The clear difference in the thickness of the existing-probability-
61 density increasing region can be detected between two different
y/d 41 channel slopes, og = 0.03 and 0.05.
2- T o
| T, C (1093 i,=0.05
15 y/d | -a-0.146 12.0
. 1 -5-0.193 102
. -o-0.212 10.6
4: 5.0+ a—0210 194
A 0.146 12.0 | - 0.267 17.0
10 0193 102 ~-0.337
O 0212 10.6 ]
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0.0 up/Um 1.0
10 E ir=0.05 Fig. 8. Velocity profile of particles.
65 — x=0.41
- - = -3
y/d 4: k=0.30 T, C (1079
o ——A&-0.146 120
2 y/d S | =019 102
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2 4 6 8 2
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(-uv/v,)/(xd/u,)

0.1 E.P.D
Fig. 7. Characteristics of Karman constant. Fig. 9. Existing-probability-density of particles.
5 Characteristics of sediment motion Fig. 10 shows the probability-density profile of the collision- and

repulsion-angle of the moving practicég,andf,,, at the differ-

ent bottom shear stregs, Based on these kinds of information
Fig. 8 shows the distribution of the streamwise mean velocity ofof the statistical characteristics of the sediment motion, the detail
moving particles of the simulation, oy normalized by the bulk  behavior of the saltation under the different level of the bottom
mean-flow velocity, olJ,,. For the cases under the same condi- shear can be estimated. In the casg 8f0.05, the probability-
tion of the channel slope, the paramdtiris an appropriate  density of the collision anglé;,, distributes in a very narrow
factor to normalize the velocity of moving particle. On the other range, namely 10-20 degree, while in the casg ©f0.03, the
hand, the velocity of moving particle show the clear difference probability-density of8,, distributes in approximately twice
between two different channel slopejpr 0.03 and 0.05. wider range than that of = 0.05. In the case §f= 0.05, the dis-
The existing-probability-density of the saltating particles are tribution of probability-density is roughly symmetric; while, in
presented in Fig. 9. It can be observed that the peak of the existhe case of, = 0.03, it shows the clear asymmetry. As for both of
ing-probability-density shifts upward with the increases of the the two cases, af = 0.03 and 0.05, the repulsion angle distrib-
bottom shear stress. Because the higher flow intensity providestes in a wide range. In detail, the probability-density in the case
the higher rate of momentum for the saltating particles, theof i, = 0.03 shows a weak increasing tendency with the repulsion
existing-probability of the saltating particles at a higher eleva-angle, while it increases clearly in the casg, ef 0.05. Roughly

tion increases with the increase of the flow intensity. There arespeaking, the saltation in the case$,sf 0.05 collides with the
common trends in the existing-probability-density distributions: bottom in smaller angle, and it repulses in a larger angle in com-
it increases in the bottom neighboring region, and it decreaseparison with the saltation in the casecf 0.03.

5.1 Results of present simulation
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The average as well as the maximum height of the saltating parti-
cles, H,, and H,., normalized by the particle diameter and the
water depth versus non-dimensional bottom shear stiesae
depicted in Fig. 11. Needless to say, both of the absolute value of
the average and maximum height of saltation increase with the bot-
tom shear stress, while the increasing rate of the saltation height
becomes weak in the casaf 0.05. The relative height of the sal-
tation to the water depth tends to decrease in the cgase@D5.
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Fig. 11. Height of saltation.

5.2 Limitation of applicability of saltation model

The calculated results in the caseg,ef 0.05 indicates the lim-
itation of the applicability of saltation model, or the single parti-
cle tracing model, under the action of high bottom shear. The
velocity profile in Fig. 8 shows the monotonously increasing
behavior similar to that af = 0.03. In the proximity of the bot-
tom, the effect of the interparticle collision is more predominant
in the case off, = 0.05 than that df, = 0.03, hence there should
be some indications of the decrease of particle velocity.

The existing-probability-density distribution in Fig. 9 calculated
by the saltation model has a peak, in other words, there is the
decreasing range of the existing-probability-density. This

JOURNAL DE RECHERCHES HYDRAULIQUES, VOL. 38, 2000, NO. 5



decreasing range of the existing-probability-densify 8f0.05 is Equations of motion of particle, or Egs. 12 and 13, can be mod-
approximately four times thicker than thatipf 0.03. Under the  ified with taking the particle/particle interaction forces into
action of the high bottom shear, the sheetflow layer with highlyaccount. Then the equations of motion ofitlie particle are as
concentrated sediments are usually formed in the proximity of théollows:

bottom. This type of behavior of particles is observed in the

experiment. The saltation model cannot reproduce this character- pEE +C DA3 3d Uy, = z{_ f.cosa; + fsinay} |
istic, because it cannot simulate the interparticle collision. The b ‘D dt 1 J
relative height of the saltation in Fig. 11 calculated by the salta-
tion model tends to decrease in the casg=0.05 in spite of the
increase of bottom shear stress. In saltation model, the momen-
tum transport due to the motion of sediment is taken by the single

(A1)
+%pCDJ(U +U—Uy)*+ (V+V—V,)* (U + u—u,)*Ad?

large scale saltation in the case,ef 0.05. Although the momen- pEg + CNHAad3dFVF’—‘ = Z{— f,cosa; + fcoso}
tum is actually transferred in vertical direction one by one P t I
through the .|nterpart|cle' C.O||ISIOI’IS, the saltatlgn .model canljgt +1pCDJ(U FU=Uy) + (VY= V)P (V o+ Vi Vo) Agcl®
reproduce this characteristic. All of these facts indicates the diffi- 2
culty in applying the saltation model in the casg, ef0.05.

y In applying & _p%r_lgAsdag (A2)
6 Conclusive remarks
The three-layer structure of the flow velocity profile, which was TEI_SQ_@E _d (3 (A3)
found in the experiment under the high bottom shear, cannot be 32 dt 2 DZ !

reproduced by the saltation model. The application of the salta-

tion model is contrary to the actual behavior of the sedimentin which uy;, v,; = velocity of particles in the streamwise and
particles under the high bottom shear. Although the existence ofipward-vertical directiond;, f; = normal and tangential com-
the sheetflow layer, in which the interparticle collision is the ponents of the force acting on the contacting plane between the
predominant mechanism of the momentum transport is clarified-th andj-th particles on the local coordinate system; =

in the experiment, the saltation model, or the single particlecontacting angle between th¢h andj-th particles; ando,; =
tracing model, cannot express this type of sediment motion. Th@ngular velocity of thé-th particle. These sets of the equation
model, which can reproduce the effect of the interparticle colli-of motion are solved explicitly to trace the motion of the indi-
sion, is required to be coupled with the model of the flow/sedi-vidual particles. In these sets of equations, the rotational motion
ment interaction treated in the present study, to enlarge thef particles due to the frictional force acting on the surface of
applicable range of the framework of the present model. Theparticles are also considered. In the original code of Gotoh and
authors have already performed the numerical simulation of théSakai (1997), the flow-sediment interaction term was written in
granular materials based on the Distinct Element Methoda very simple form, in which the total bottom shear stress are
(Gotoh and Sakai, 1997). The appendix shows how to modifydistributed to the individual sediment particles directly. While,
the author’s granular material model to be coupled wittkthe  in these sets of equations, the flow-sediment interaction terms
flow-turbulence model presented herein. By coupling the modelare described as the drag force term, which is appropriate form
of flow-sediment interaction and the granular material model, to take the local flow structure into consideration.

the difficulty of the present model under the high bottom shearWith rewriting the subroutines of the flow-sediment interaction
will be resolved. in Gotoh and Sakai's numerical code, the velocity profile of sedi-
ment particles and the number-density-distribution of particles
are calculated under the given flow velocity profile following
logarithmic law. Figures 12 and 13 show the velocity profile of
The authors wish to express their gratitude to Dr. T. Asanosediment particles and the number-density-distribution of parti-
Assoc. Prof. at Kagoshima Univ., for his very useful comments,cles, respectively. The velocity of particle shows the upwardly
and also are grateful to Prof. I. Nezu and his laboratory staffs agonvex profile in the regiowd < 0.0; however, in the regiorid
Kyoto Univ., for their help in conducting the experiments. > 0.0, it shows the upwardly concave profile. Hence the inflec-
tion point exists in the proximity of/d = 0.0. There exist a non-
zero region of the velocity of particle beneath the elevation, at
which the flow velocity becomes zero. This non-zero velocity
The sediment particles are modeled by the rigid cylinders withregion means the existence of the fluid-sediment mixture layer
an uniform diameter. Among each cylinder, the spring andaround the initial surface of the sediment depositing layer. The
dashpot systems are introduced to express the particle/particleumber-density profile shows the high level of the concentration
interaction. Equations of motion of the individual particle are of sediment in this layer, where the significant effect of the exist-
solved by the explicit method in the vertically two-dimensional ence of the sediment particle on the flow structure is expected.
plane (see Gotoh and Sakai, 1997). These facts indicate the significant change of the flow velocity
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Appendix: Coupling with granular material model
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profile in the neighborhood of the bottom surface by coupling theNotations

granular material model with the present model of flow.
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two- and three-dimensional geometrical coefficient
of sediment;

particle volumetric concentration;

drag coefficient;

added mass coefficient;

constants irfk-€ model { = 1,2,3);

diameter of saltating particle;

mean value components of the fluid/particle
interaction term per unit volume;

fluctuating components of the fluid/particle
interaction term per unit volume;

normal and tangential components of the force acting
on the contacting plane between thk andj-th
particles on the local coordinate system;
buoyant production of turbulent energy;
gravitational acceleration;

average and maximuheight of saltating particles;
flow depth;

channel bottom inclination;

turbulent energy;

pressure deviation from hydrostatic one;
production of turbulent energy due to shear stress;
random numbers following to the standard Gauss
distribution inx, ydirections;

turbulent Schmit number;

mean-flow velocity irx, y direction, respectively;
bulk mean-flow velocity;

instantaneous flow velocity ix y direction,
respectively;

turbulent intensities in andy directions,
respectively;

velocity component of saltating particlexpy
directions;

velocity of particles in the streamwise and upward-
vertical directions;

Reynolds stress;

shear velocity;

streamwise and upward vertical coordinates;
contacting angle between thth andj-th particles;
effective viscosity;

cross-correlation coefficient of two series of the
random numbers in Monte-Carlo simulation;
energy dissipation;

channel slope;

the mean collision and repulsion angle;
von-Karman constant (= 0.41);

kinematic viscosity;

kinematic eddy viscosity;

mass density of water

mass density of sediment;

constants irfk-e model;

non-dimensional bottom shear stress

angular velocity of théth particle.
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