Continuous Saltating Process of Multiple Sediment Particles
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Abstract: The purpose of this study is to investigate the interacting mechanism between the saltating particles near the channel bed. /
real-time flow visualization technique was developed to measure the interparticle collision behaviors during the saltating process. A
two-dimensional continuous saltation model was also developed. This model was calibrated and verified with the experimental date
collected with satisfactory results. The model is able to simulate the continuous saltating trajectories of several particles. The simulatec
maximum saltation height is about 2—2.5 times the values calculated by a single-particle saltation model. Due to the effects of particle
collision, the simulated saltation velocities of the multiple particles model are less than those derived from a single-particle model.
Regression equations for the saltating height and velocity were obtained.
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Introduction particles near the channel bed. Special attention was given to the

Sediment transport in water is generally classified into two major interparticle collision process. Based on these data, an interpar-
modes, namely, bed load and suspended load transport. In the peticle collision model was established. Combining this model with
load transport mode, the sediment particles move in various forms@ continuous saltation model for a single particle developed in our
such as iding, rolling, and saltating, depending on the particle sizePrévious investigation, a continuous saltation model fqr multiple
and the flow conditions. Previous investigat¢Einstein 1942; sediment particles was developed. The model was calibrated and
Sekine and Kikkawa 1984, 1988, 1992; Wiberg and Smith 1987, verified with the experimental data with satisfactory result.
1989 indicated that the majority of bed load transport is in the
form of saltation. Efforts by many researchériii and Hu 1991; _ .
Sekine and Kikkawa 1992; Garcia and Nino 1992, 1994: Lee and Particle Collision Model
Hsu 1994 on the mechanism of saltating processes in recent ) ] ) )
years have constructed the theoretical basis for saltation phenom#* two-dimensional model, based on oblique central impact
enon. The dynamics theory of saltation and experimental data hadh€ory, is proposed to describe the interparticle collision mecha-
been established completely. However, these efforts have beerliSM- The definition sketch is shown in Fig. 1, where partidles
confined to single-particle saltating process and investigations on2ndB, with massesn, andmg and velocitiesV,; andVsg;, col-
multiple-particle saltation process are still lacking. lide with each other, and then the velocities becdmmeandVg; .
Sekine and Kikkawa1992 adopted the saltation method of The velocities can be decomposed into tangential and normal
Wiberg and Smitt{1985, emphasized the importance of the col- compon_ents_. Th_ere will be no impulsive f_orce ge_nerated in the
lision mechanism between the saltating particle and the channelt2ngential direction, and hence the tangential velocity components
bed, and established a three-dimensional collision model. Garcia"®Main unchanged after collision. Conservation of linear momen-
and Nino(1992, 1994 used a high-speed photographic technique tum has to be observed in both tangential and normal directions,
to measure the saltation characteristics of sediment transport in@1d can be expressed in the following equations

water. Based on the process that generated data of bed collision Ma(Va)n+Ma(Vei)n=mMa(Vap)n+mMg(Ve)n 1)
by stochastic theory, they established a two-dimensional continu-
ous saltation model for a single particle. MA(Vai)t+Mp(Vei)i=Ma(Var)+mp(Vep) 2)

A series of experiments were conducted in this study to mea- \yheret andn=tangential and normal components. Coefficignt
sure the relevant saltation characteristics of multiple sedimentig introduced to describe the variations of the normal momentum
components before and after collision, and is expressed as

professor, Dept. of Civil Engineering, and Hydraulic Research Labo- v _ v
ratory, National Taiwan Univ., Taipei, Taiwan, R.O.C. __ Mg(Var)n—Ma(Vat)n 3)
2Graduate student, Dept. of Civil Engineering, National Taiwan Univ., Mg(Vgi)n—Mai(Vain
Taipei, Taiwan, R.O.C.
SGraduate student, Dept. of Civil Engineering, National Taiwan Univ.,
Taipei, Taiwan, R.0.C. _ . Experimental Setup
Note. Discussion open until September 1, 2002. Separate discussions

must be submitted for individual papers. To extend the closing date by . . - s
one month, a written request must be filed with the ASCE Managing The experiments were conducted in a 12-m-long, 0.3-m-wide

Editor. The manuscript for this technical note was submitted for review flume with an adjustable S'Op‘?- SeYera' combinations of Wat.er
and possible publication on September 11, 2000; approved on Octoberd€Pth, channel slope, and particle size were tested. The working

31, 2001. This technical note is part of theurnal of Hydraulic Engi- section was Iocateq 6m frqm the channel.inlet. _Th_e‘ water depth
neering Vol. 128, No. 4, April 1, 2002. ©ASCE, ISSN 0733-9429/ at the working section was fixed at 5 cm, with variations less than
2002/4-443-450/$8.00$.50 per page. 3%, and the range of the slopes was from 0.003 to 0.008. Particles
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Fig. 1. lllustrations of collision between two particles
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Fig. 2. Experimental setup

with diameter of 0.6 cm and specific gravities of 1.08 and 1.78

were chosen. Particles of the same size as the saltating particles

were glued to the channel bed. Important hydraulic and sediment

transport characteristics are given in Table 1. The real-time flow

visualization system, similar to the system used in our previous particleA and the lower four images belong to parti@eThe left

study (Lee et al. 200§ consists of a CV-M30 charge coupled four images are before collision and the images at the right-hand

device(CCD) camera, a Nikon 35 mm lens, an IBM PC 586, and side are after the collision. These images provide useful informa-

a Coreco F64 pro image-processing card. The system can take 3@ion describing the interparticle collision behaviors in water.

photos, 51X 512 pixels, per second and transform the photos into

digitized formats through Optimas V5.22 image-processing soft-

ware. To ensure occurrence of the collision phenomena, the duraExperimental Analysis and Results

tion of each photo sequence was set to be greater than 8 s. A

mirror is installed at the top of the working section to observe the pye to experimental errors, the experimental data will slightly

three-dimensional collision phenomena. The general configura-y;pjate conservation of linear momentum, and the errors have to

tion of the experimental setup is shown in Fig. 2. . be adjusted accordingly. Four parametdss, kg, ke, andkp,
Sediment particles were released by a grain feeder installedye introduced to adjust the particle velocities. The paramkjers

about 3 m upstream of the working section. As the particles anq, are for the velocities before collisiok, andkp are for

passed through the working section, the images were recorded byhe velocities after collision. Assuming particlasaindB are iden-

the CCD camera. For details of the image transformation and jcq) the conservation of linear momentum can be expressed as
processing, please refer to our previous papee et al. 200D

A typical photograph and corresponding schematic diagram of - - J -
the interparticle collision process are shown in Figa &nd b, (1+ka)Vait (1+ke)Veit —=(1+ke)Vast(1+kp) (4)
respectively. There are a total of eight images shown in this fig- _
ure. They were taken 1/30 and 1/60 s before the collision and 1/60whereJ is the predictable impulse, and only gravity and buoy-
and 1/30 s after the collision. The upper four images belong to ancy are considered in this study.

Table 1. Sediment Properties and Flow Conditions

Critical
Grain Flow Shear shear
Experimental size Density depth Flume velocity velocity Dimensionless Flow velocity
run (cm) (g/cnt) (cm) slope (cm/s (cm/9 shear stress (cm/9
C-1 0.6 1.08 5.0 0.003 3.32 1.68 0.066 48.5
C-2 0.6 1.08 5.0 0.004 3.84 1.68 0.099 54.4
C-3 0.6 1.08 5.0 0.005 4.29 1.68 0.131 60.3
C-4 0.6 1.78 5.0 0.006 4.70 4.41 0.234 65.0
C-5 0.6 1.08 5.0 0.007 5.07 1.68 0.391 70.0
C-6 0.6 1.78 5.0 0.008 5.42 4.41 0.546 73.3
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Fig. 3. (a) Definition sketch of interparticle collision process gl
experimental photograph of interparticle collision

To minimize the errors of the expected value ¢ k3+k2
+k3), differentiate this value with respect kg, andkg .

Expressing Eq(4) in anx—z coordinate system, whereand
w are the velocity components ix and z directions, only the
following four equations are obtained

d ake akp

2 0 12012 12 — —
i (KRG + K& +KD) = 2ka + 2k =+ 2kog > =0 (5)
d ak ak
—— (K24 K2+ K2+ k2) = 2kp+ 2K + 2kp—2 =0 (6)
Ka okg Ka

(1+Kka)uajt+ (1+kg)ugi=(1+Kkc)uas+(1+kp)ups  (7)

J
(1+Ka)Wait (1+kg)wgi+ o= Kc)Wast (1+Kp)weg
(8)

Solving these equations, parametess kg, ke, andkp can thus
be obtained.

Distributions of the adjustment parametéss, kg, ke, and
kp, based on 360 sets of experimental data, are shown in Fig. 4,
and corresponding distributions of the collision angles and coef-
ficientsp are shown in Figs. 5 and 6, respectively. Ninety percent
of the parameters are betweerl and 1 and 80% of them are
between—0.5 and 0.5. Those data, with adjusting parameters fall-
ing between—0.5 and 0.5, were used to calculate the collision
angles.

If the collision angle is set to bé, the corresponding collid-
able area is Rsind. Dividing this value with the total arear?,
the distribution function of the collision angles are

2 sirt ¢

m

F(b)= )

The corresponding definition sketch is shown in Fig. %A
test was introduced to test the accuracyFgfb), a significant
level less than 90% is found, and hence these two distributions
are identical.

A log-normal distribution function is introduced to describe
the distribution of coefficienp, and it is expressed as

1 2

N 1 F{
X 217051()() 2
whereo n,=1.761 anduw=—0.354. Comparisons of this dis-

tribution function and the experimental data are shown in Fig. 8.
The distribution match the experimental data significantly.

IN(X) = Winex)

TIn(x)

f(x)= (10)

Theoretical Model

A model that is able to simulate continuous saltation behaviors of
multiple sediment particles consists of three major parts, namely
an equation of motion for a single particle, collision model be-
tween the saltating particles and the channel bed, and an interpar-
ticle collision model. The first two models have been published in
detail in our previous papeftee et al. 1994, 2000and will not

be repeated here.

Interparticle Collision Model

A two-dimensional model is developed to simulate the collision
behaviors between saltating particles. The definition sketch is
shown in Fig. 9. When distance between particlesnd B is
smaller than the particle diameter, collision occurs. It is expressed
as

V(xa—xg)*+(za—28)*<Dp, (11)

wherex,, Xg, Z5, andzg=coordinates of particled andB.

JOURNAL OF HYDRAULIC ENGINEERING / APRIL 2002 / 445



0 ; 00
j
IG.
e =1
9010 8. 010
5 g
o .
2
=
om . = om - e
2m® -100 [600] 1@ 20 200 -1.00 am 100 2®
Adjusting Factor(ka kb ke kd) Adjusting Factor(ka kb ke kd)
(a)Run C-1 (b)Run C-2
Q0 020
. .
5 g
o 010 =010
: 5
g =
=
om-} |l om =
2 -1.00 o 100 2m 200 -100 [800] 100 2m
Adjusting Factor(ka kb ke kd) Adjusting Factor(ka kb ke kd)
(¢c)Run C-3 (d)Run C-4
QD T 00 T
%' Q10 é 010
= Q
g =
= 2
&9
am- ! - ‘ 000 === ! =
2® 1.0 oleg] 10 2m 20 -1.00 000 1.0 20
Adjusting Factor(ka kb k¢ kd) Adjusting Factor(ka kb ke kd)
(e)Run C-5 (HRun C-6

Fig. 4. Distributions of adjusting parameters

Knowing that the velocity components of particléeandB in
the x andz directions arau,;, Ugj, Wai, andwg;, coefficientp,
and collision anglep are introduced to describe the collision pro-
cess. The collision anglé can be expressed as

(van (vapt

(ve)n (Ve

HABL—(vadn+ (el +[(vadnt (ve)nl} (VB

_ _ 4| Wai— Wi |1
$=@-m+tan | (12) HBL+(vai)n— (eDa] T [ (ANt (vei)nl} (Vi
where® is the dimensionless collision angle. The tangential and (14)

normal velocity components before collision can be expressed asThe flow chart of the model is shown in Fig. 10.

(vaidn  (vat| [Uai Wai||COSH —sind

(vei)n (VBit

Solving Egs.(1)—(3), the tangential and normal components after The model is applied to simulate the saltation behaviors of six
collision can thus be obtained. different particles under four different flow conditions. During the

(13)

Ugj Wgil| sind  cosd Numerical Simulation Results
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Fig. 5. Distribution of dimensionless collision angles

simulation period, three particles were released at the channel SV 0.163-0.193
inlet every 0.1 s for a period of 1 s. In total, 30 particles were g —301D, i (16)
*

traced simultaneously. A typical simulated trajectory is shown in . . o )
Fig. 11. Interparticle collision behaviors can be easily identified in ~ Due to effects of the interparticle collision, the simulated sal-

this figure. The simulated data were then analyzed to investigatetation velocities will be less than those calculated by a single
the important saltation characteristics, including the saltation Particle saltation model.

height and saltation velocity.
The simulated saltation height is shown in Fig. 12 and the

corresponding regression equation is listed as follows Conclusions
SH . . . . . .
o= 1.11D9-32570511 (15) The saltation process of multiple sediment particles was investi-
gated experimentally and numerically in this study. The interpar-
whereD, =dimensionless particle parameter ang=flow trans- ticle collision phenomena can be clearly observed in the experi-
port parameter. Please refer to our previous pdpee et al., ments. Based on these data, an interparticle collision model was

2000 for a detailed analysis. established, and thus a continuous saltation model for multiple
The saltation heights obtained in this model were about 2—2.5 particles was developed.

times the values calculated by a single particle saltation model. The simulated saltation height and velocity increased with par-
The simulated saltation velocity is shown in Fig. 13 and the ticle parameteD, and flow parametef, . The saltation height
corresponding regression equation is listed as follows. was about 2—-2.5 times the values calculated by a single particle
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saltation model. Due to the effects of the interparticle collision,

the simulated velocities were less than those of a single particle
saltation model. Regression equations for the dimensionless sal-

tation height and velocity were obtained.
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Notation

The following symbols are used in this paper

A = cross-sectional area of the particle perpendicu-
lar to the flow direction;
D, = size of the particles that form the channel
bed;
D, = dimensionless particle parameter;
e = restitution coefficient;
f = friction coefficient;
g = gravitational acceleration;
H = water depth;
m = particle total mass;
R = radius of the particles that form the channel
bed,;
R’ = correlation coefficient;
Re = fluid Reynolds number;
R+ = particle Reynolds number;
Sy = channel slope;
SL, SH, SV = saltating length, height, and velocity, respec-
tively;
T, = flow transport parameter;
u = flow velocity;
u, = shear velocity;
u,. = critical shear velocity;
Upin = horizontal component of particle velocity
before collision;
Upout = horizontal component of particle velocity
after collision;
vpin = vertical component of particle velocity be-
fore collision;
Upout = Vertical component of particle velocity after
collision;
X,z = longitudinal and vertical distance, respec-
tively;

450 / JOURNAL OF HYDRAULIC ENGINEERING / APRIL 2002

e = particle surface roughness;

0 = dimensionless shear stress;

0;, = impacting angldincident anglg

0,4t = takeoff angle;
i = dynamic viscosity;
v = kinematic viscosity;

pw = Specific gravity of water;

ps = specific gravity of the saltating particle; and
¢ = channel bed angle.
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