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We have developed a movable-bed numerical channel which simulates three-dimensional movement of
streams and various shape gravel particles. Using the numerical channel we performed numerical
channel experiments with graded gravel particles and demonstrated motion of streams and particles
which has been difficult to measure in experiments and fields. Characteristic motion of gravel particles,
sorting mechanism of particles at the bed surface and velocity distributions near the bed are predicted
fromthe numerical investigations of the motion of streams and particles.
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I INTRODUCTION

Gravel-bed rivers consisting of large bed matsréak generally seen in natural world. Many
researchers have attempted to demonstrate the movesh streams and gravel particles by field
experiments and numerical computation method. Hewethe prediction method of sediment
discharge and bed variation in rivers with largegexof particle sizes have not been established. Th
reason is because sediment transport mechanismavelded rivers is more complicated than that of
sand-gravel bed rivers and measurements in gradetibers are very difficult.

A computational method for solid-liquid multi-phaflew have been developed recently, in which
fluid motion around objects are calculated pregiseith fine computational cells smaller than
particles and solid objects are evaluated by cenisid as a liquid with the different density.

In this paper, we developed a movable-bed numesi@nnel with different particle sizes and shapes
which simulated three-dimensional motions of streamd gravel particles by calculating fluid motion
in the Eulerian computational method for solid-ldjmultiphase flow and calculating gravel particles
motion in the Lagrangian method. We made gravetighes with different sizes and shapes by
superimposing 8 to 10 small spheres. We conducteehbte-bed experiments using the numerical
channel and clarify the motion of streams and drpeeticles and hydrodynamic forces acting on
particles, which are difficult to measure in th@esiments and fields.

Il OUT LINE OF NUMERICAL METHOD

In the calculation of fluid motion, fluid and solidre calculated as an incompressible
multiphase flow by the equations described belaaere the region of gravel particles are considered
as a different density fluid.
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White particles indicate larger particles
. Black particles indicate smaller particles
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Figure 1. Time variation of bed surface.
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Figure 2. Gravel particle model. Figure 3. Grain size distributions.

Ve = (CSA)Z\, 25;S; , (3

whereu, : i-direction averaged velocity including gravel paetiregions in a fluid calculation cep,:
density, P : sum of pressure and isotropic component of S&Sslg; : gravitational acceleratiors; :
strain rate tensow; : kinematic viscosity, v, : SGS turbulent viscosityCs: Smagorinsky constant (
0.173),A: calculation grid size. Physical property(densitypo, dynamic viscosity:) and averaged
velocityu, are calculated as volume-averaged values and avasaged values, respectively.

Gravel particle movements are calculated by therdregjan method with translational and
rotational equations of rigid bodies. Fluid forcasting on gravel particles are calculated by
multiplying density to the second term and thedhierm in the right side of equation (2) and
integrating them within the region of a particleorftact forces are calculated with each small
superimposed sphere consisting of a gravel patbiglthe Distinct Element Method and forces acting
on gravel particles are calculated by the summatfdahe contact forces on the spheres. [1]

1 NUMERICAL MOVABLE-BED CHANNEL EXPERIMENT

[l — 1 Numerical experiment condition

Figure 1 shows the movable-bed numerical chanrgedafinition of coordinate axes used for
numerical analysis. The numerical channel with 1%ng, 1 m wide and 1:20 in bed gradient was
designed by considering flow conditions transpaortgravel particles, length of bed waves and
computational load. Four different gravel particieshape shown in Figure 2 were prepared for bed
materials of movable-bed numerical channel. Fifiedint sizes of particles (40 mm, 50 mm, 70 mm,
90 mm, 120 mm) were made by varying the size ofllsspheres and by superimposing them properly.
The diameters of the various shape particles arengas the diameter of spherical particles with the
same volume. Particles are packed ramdomly to Hasreel by adjusting supply rate so that the
particle size distribution of the numerical bed & agrees with the particle size distribution in
Figure3. The numerical experiment was lasted f@s2%n the numerical analysis, fluid calculation
At is set 1.0¢ 10™s, gravel particle movement calculatidii is set 1.0¢ 10°%s. The grid size for fluid
calculation is 0.01m and other parameters are satues as the authors’ paper. [1]

[Il — 2 The result of numerical experiments

We disscuss at first the flow condition, variatioinbed level and sediment transport rate. At
the timet = 250 s, average water depth is 0.23 m, averageiteis 1.92 m/s and Froude number is
1.20. The flow is a supercritical flow and the wadarface varies in the same phase as the bed wave.
Figure 1 shows conditions of the bed surfaceserstitcessive time of the numerical experimentt At
= 250 s, formations of large gravel cluster and rgulting gravel sorting at the bed are seen at
sections x = 8 m andx = 10.5 m. Figure 4 shows sediment discharge ohteach particle size
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Figure 4. Sediment discharge rates. Figure 5. Number of flowing out particles.
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Figure 7. Trajectories of moving particles.

measured at the downstream end and Figure 5 shawban of particles discharging per unit time at
the downstream end where numbers of particles emian 70 mm are dominated. Smaller paricles
are transported actively. However, we can seesidiiment discharge rate of large particles is great

than that of smaller particles.

Figure 6 shows the vertical distributions of tirmgeraged velocities in the x-direction
measured at the center of the channel at sectien8 m andx = 12 m. The velocities are averaged
over 0.15 m lateral range from the channel canerhich is about the largest particle size. Fegbi
also shows time averaged velocities of gravel glagimoving the lateral range of 0.15m and log-law
velocity distribution shown by assumikg= 70 mm and 240 mm. The= 8 m is the section where
clusters of large particles are formed and vertieddcity distributions change gradually from baotto
to upwardz-direction and do not follow the log law. On théet hand, ax = 12 m point where large
particles cluster is not developed, vertical gratda velocity distribution is large and velocity dver
2 m/s at the height of 0.1m from zero velocity levéelocity distributions of the flow are
approximated to the log law velocity distiributi¢is = 70 mm ). From these investigation, we found
that at the location forming large particles clustevelocity gradually increased from bottom to
vertical upward direction in the scale of largetigées because there are a number of large pores in
large patrticles clusters and large particle clssggre great resistance to flows.

Figure 7 shows trajectories of gravel particlesualized by emitting light on moving gravel
particles at every 1/10s. From this figure, we &iad that small particles cannot move over large
projecting particles but come to take detours. egpgrticles are nearly in rectilinear motion over
projecting particles. Therefore, large particleseree greater flow velocity and are not able tgsto
easily on plane bed but can stop at projecting lzsdkigh as large particle size, which means that
large particles tend to form clusters. Deep wataspges are formed among large particles cludters o
the bed surface and small particles come to movegaimeandering deeper water passages beside
large patrticles. This results in the particle smytdf the gravel bed surface.

Next, we clarify the dynamics of particle motion westigating how particles behave and
receive forces at the time of their movement arsd. M/e define the long axis as the axis easiest to
rotate among orthogonal principal axes and shast @& the axis hardest to rotate. Short axes difine




THESI S 2013, June 10-12, Chatou France, S. Fukuoka, Keynote

Long axis (black 0.8 ‘ ‘ [ 20888
Short axis (wh_itegJ ( ) g 0.6;_/—:\ __/_J‘/_\ 1 5255
A} S5 ol Velocit)// i 2EES
Z© 04 y Contactforce 0288
8 TR T SE |=== ‘ 258°
N S 2S00 ‘ =
N N SRS o s ‘ 20585
A X I $A &7 ‘ % ~"[angle between sh! o =
i g v " G 1 °_ \\ | | | |
A ) 50 Lo oo o L F=—m—r—
) gz | =~ | |
N 3 $ < r---- b= ==~ TAngle between long pxis and axis |
3(»)0.4 ‘ 0‘ ‘ 0.4-0.4 ‘ 0 ‘ 0.4-0.4 ‘ d ‘ 0.4-0.4 ‘ 0‘ ‘ 0.4
1 time (s) time (s) time (s) time (s)
Settlement Movement Settlement Movement
l Small particles =40 mm, 50 mm,70mm) Large particles P =90 mm, 120 mm)
Figure 8. Conditions of long ax Figure9. Time variation of the particles velociti¢
and short axis of particles hydrodynamic forces, contact forces and
on the bed surface. particles direction concernirmovment and settleme.

in such manner indicate almost the same direct®itha normal vector to the most flat plane of
particles. Long axes and short axes of the pastiele shown in Figure 8. Figure 9 shows time
variations of averaged gravel particles velocities — direction and contact forces and hydrodynamic
forces acting among gravel particles nondimensipadlbyx - component gravity force and angles
between a long axis and- axis and angles between short axis ardxis. The time zero in Figure 9

is selected at the time when a particle bigins ¢werand comes to a stop. These values are evaluated
by averaging individual particles motion. When garticles stop, the angle between long axisxand

- axis becomes smaller. Apparently, large partiahesine long axes toward lateral direction easy to
roll downstream in their moving stage, and in trstopping stage, they incline the long axes to the
downstream direction. Moreover, large particlesitendirect a flat plane upward at the instanthef t
stopping in order to decrease the angle betweer akes and - axis. These dynamic features are
also seen in small particle motion, but not so rcteampared to large particles. This is because that
smaller particles at the time of movement andaestaffected by the irregular shape of gaps andrwat
passages formed by surrounding larger particléseabed surface. Time variations of long axes and
short axes at the movement stage of larger pastielad to be opposite to that at the time of the
stopping stage. Hydrodynamic forces acting onelaggrticles increase a little after the stoppimg i
the process of the particle stop, on the other hapdrodynamic forces acting on smaller particles
decrease after stopping. The reason of the diféesems considered that small particles can stop at
small velocity regions behind stationary large iobe$, while large particles stand high positions a
recieve large hydrodynamic forces and thereforaatstop easily but do by the collision and suppor
of surrounding large particles.

\Y CONCLUSIONS

We developed the movable-bed numerical channelweaittous shape particles. The numerical
channel was used to investigate the movementedsis and gravel particles near the bed surface.
Following main conclusions were obtaind:

1. The movable-bed numerical channel experimentvdxenew methodology to understand three
dimensional motions of particles, vertical velodigtribution near the bed surface, effects of shap
and size of particles on the movement and theofagtavel particles, the sorting mechanism of the
bed surface and sediment transport rate.

2. Large particles move high position in rollingdesaltating manner along the bed surface and receiv
large flow velocity, therefore cannot stop easllgrge particles stop by the collision force with
surrounding large particles and tend to form lapgeticle clusters. Small particles move deeper
water passages beside large particle clusters.miéchanism is important for particle sorting on the
bed surface.

3. Vertical velocity distributions at the locatidorming large particles clusters has a convex form
upward in a larger particle diameter range nearstirface and on bed surface where large particle
clusters are not formed, velocity distribution éolls approximately the log law velocity distribution
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