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ABSTRACT

A real-time flow visualization technique and a high-speed photographic technique were developed
in this study to measure particle trajectories, velocities, and spinning rates. Different combinations of
water depths, channel slopes, particle sizes, particle shapes, and particle densities were tested. Regression
equations for the dimensionless average saltation length, height, and velocity, lift-off spinning rates and
longitudinal variations of the spinning rates were obtained. A mathematical model which is able to simulate
particle single-step saltation behaviors is developed herein. This model is able to calculate the particle
trajectories and the longitudinal variations of the velocities, accelerations, and corresponding forces acting
upon the particle. The simulated saltation trajectories agree well with the experimental data. It is also
found that the Saffman force and Magnus force plagl a very important role in the saltation process and,

hence, cannot be neglected.

Key Words: sediment transport, bed load transport, saltation, real-time flow visualization technique, high-

speed photographic technique

. Introduction

Transport of sediment particles in water can be
classified into three different modes, namely, rolling
or sliding, saltation, and suspended motion. The type
of transport depends on the size and location of the bed
materials and the flow conditions. A particle begins
to move, by sliding or rolling over the bed, when the
bed shear stress exceeds the critical value for initiation
of motion. But with a small increase in the bed shear
stress, these particles hop up from the bed and follow
ballistic trajectories. This mode of transport is known
as saltation. The transport of particles by rolling,
sliding, and saltating is called bed load transport.
Saltation is the dominant mode of bed load transport,
with rolling and sliding occurring to a lesser extent.
Hence, investigation of particle saltating motions is
crucial to the development of bed load transport theo-
ries.

The saltation behaviors have been studied by a
number of researchers. Based on his flume study,
Einstein (1950) found the thickness of the bed load to
be about two times the particle size and the saltation

length to be about 100 times the particle size. The
saltation length was found to be a function of particle
size, shape, and hydraulic characteristics. Fernandez
Luque and Van Beek (1976), Abbott and Francis (1977),
and Murphy and Hooshiari (1982) investigated salta-
tion in water using high-speed photography and deter-
mined the saltation height and length as well as average
particle velocity. Van Rijn (1984) used the particle
saltation characteristics to derive a bed-load transport
formula. Wiberg and Smith (1985) proposed a math-
ematical model that described the trajectory of a saltating
particle as a function of time. Using a stochastic
method, Sekine and Kikkawa (1992) proposed a model
to describe sequent saltating motions.

Due to the combined effects of bed roughness and
velocity gradient, particles spin during the saltating
process. The spinning motion generates an additional
lift force, known as the Magnus force, and thus in-
creases the saltation length and height. The increments
can be as high as 12% (Lee and Hsu, 1994). Because
of experimental difficulties, Magnus effects of particle
saltation were generally assumed to be negligible in
previous saltation models (Fernandez Luque and Van
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Beek, 1976; Abbott and Francis, 1977; Murphy,.1982;
Van Rijn, 1984). Observing bright and dark spots in
the photographs of saltating particles, Chepil (1945)
roughly estimated that the spinning rate of the saltating
particles in air was between 200 to 1,000 revolutions/
sec. Using a high-speed camera, White and Schultz
(1977) found the particle spinning rate to be be-
tween 100 and 300 revolutions/sec in air. Hui and Hu
(1991) conducted flume experiments and found the
particle spinning rate to be about 40 revolutions/sec
in water.

Two different measuring techniques were devel-
oped in this study to measure the kinematic cha-
racteristics of saltating motions. A real-time flow
visualization technique was applied to investigate
particle saltations near the channel bed. With this
technique, particle trajectories and average velocities
were measured without disturbing the flow field. A
high-speed photographic technique was also applied in
this study to measure the saltating trajectories and
corresponding spinning rates. The longitudinal varia-
tions of the saltation velocities and the spinning rates
under varied flow conditions were recorded. Regres-
sion equations for the dimensionless saltation length,
height, average velocity, lift-off spinning rates and
longitudinal variations of the spinning rates were
obtained. A mathematical model for single-grain
saltation is also proposed. The gravity force, added-
mass force, drag force, lift force, Saffman force, and
Magnus force are included. The model has been
calibrated and verified with the experimental data, and
the results have been found to be quite satisfactory.

Il. Theoretical Analysis

The parameters that affect the characteristics of
saltation can be classified into three categories, namely,
hydraulic conditions, particle characteristics and bed
configurations. The characteristics of saltation can be
expressed as a function of the independent variables
as

YS=f1(U*’pW’.u"D7ps’d’g)’ ' (1)

in which Yg= hydraulic characteristic of saltation;
Us=shear velocity, Us=y/gHS, , H=flow depth, S,=bed
slope; p,, and p=density and dynamic viscosity of water,
respectively; D and p,=diameter and density of the
saltating particle, respectively; d=size of bed materials
and g=gravitational acceleration. Using Buckingham’s
IT method, Lee and Hsu (1994, 1996) suggested the
following functional relationship:

Y ¢=f2(D»,T:,D,), 2

in which Y g=hydraulic dimensionless characteristic

1
of saltation, including D,=~g—, D*=D[%]3 and
v
2 2
Ts= [M], U =critical shear velocity, S =%

2
Us)
and v=kinematic viscosity of water.

Ill. Experimental Setup

1. Real-time Flow Visualization Technique

The experiments were conducted in a 12-m-long,
0.3-m-wide slope-adjustable recirculating flume.
Several combinations of water depth, channel slope,
and particle size were tested. The range of water depth
was from 3.71 cm to 12.08 cm, and the range of the
slope was from 0.0002 to 0.023. The range of the shear
velocity U« was from 0.036 m/s to 0.105 m/s. The range
of the Froude number was from 0.569 to 2.023. Uniform
sand of size 1.36 mm was glued to the channel bed to
form a rough surface. The effective roughness of the
bed surface was about 1.36 mm. Two particle sizes,
with mean diameters equal to 1.36 mm and 2.47 mm,
were used. The specific gravity was 2.64. The flow
was turbulent. The Reynolds number was between

"21,000 and 73,000, and the roughness Reynolds num-

ber varied between 50 and 146. For details of the
experimental arrangements, please refer to Lee and Hsu
(1994).

To measure the instantaneous particle saltation.
trajectories accurately and efficiently, a real-time flow
visualization technique was used. The general configu-
ration of the experimental setup is shown in Fig. 1. The
light source was generated by a 4-W argon ion laser.
It passed a beam steering device and three mirrors to
reach the top of the flume. Another beam steering
device and a cylindrical mirror were applied to create
a light sheet passing through the center plane of the
flume. The thickness of the light sheet was adjustable
and was between 1 mm and 2 mm. The light sheet had
to be longer than the working section, which was between
5 cm and 15 cm. In the experiment, sediment particles
were released about 2 m upstream of the working section.
As the saltating particles passed through the light sheet,
laser light was reflected and recorded by a charge
couple device camera (CCD camera).

The image obtained from the CCD camera was
first processed and stored by an image-processing board
installed in an IBM PC 486-50 computer. The image
stored was then digitized using an input lookup table
(ILUT). Different gray levels were assigned to images
collected at different times. The digitized images were
then processed by an arithmetic-logic unit (ALU) and
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Fig. 2. Image-processing system.

stored in a frame buffer zone. After several hundred
images were accumulated, the images were processed
using an output lookup table (OLUT). Different colors
were assigned to different gray levels. The final colored
particle trajectory was thus obtained and shown on the
display monitor. Each color represented a different
time interval, and the length of the color segment
represented the distance traveled during the time in-
terval. The instantaneous velocity vector could thus
be obtained. In the present experiment, the time in-
terval chosen was 1/30 sec; that is, 30 pictures were
taken in 1 sec, and seven different colors (red, orange,
blue, pink, yellow, navy blue, and gray) were assigned
to represent different time intervals. The flowchart of
the image-processing system is shown in Fig. 2, and
a typical particle trajectory is shown in Fig. 3. In Fig.
3, the particle is saltating from right to left. Totally,
there are five colored segments in this picture: orange,
blue, pink, yellow, and navy blue. The time interval
of each color is 1/30 sec; hence, the total time span
for this trajectory is 1/6 sec.

2. High Photographic Technique

The experiments were conducted in a 12-m-long,
0.3-m-wide slope-adjustable recirculating flume.
Several combinations of water depth, channel slope,
and particle type were tested. The range of water depth
was from 4.6 cm to 7.8 cm, the range of the slope was

1
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Fig. 3. Saltation trajectory (1).

from 0.0031 to 0.0198, and the range of the shear
velocity Us was from 0.04 m/sec to 0.102 m/sec. The
range of the flow velocity was from 0.554 m/s to 1.173
m/s. The range of the Froude number was 0.677 to
1.530. Plastic balls of diameter 5.95 mm were glued
to the channel bed to form the bed surface. The Reynolds

number was between 26,100 and 53,500. Five particles

of various sizes, shapes and specific gravities were
used in the experiments. The particles were marked
with crosses in blue and red lines, and the spinning rates
were determined according to the rotating angles of the
crosses. For details of the experimental arrangements,
please refer to Lee and Hsu (1996).

A strobo light located at the top of the flume was
used as the light source. The maximum frequency of
the strobo light was 3,000 flash/sec. Two 35 mm
conventional cameras loaded with 400 ASA films were
used to take photographs. The general configuration
of the experimental setup is shown in Fig. 4. During
the experimental process, the room was kept in com-
plete darkness, and the only light source was from the
strobo. The camera shutter and the strobo were set to
be synchronous, so that the intervals between the
particles shown on the photograph were constant. The
frequency of photographs taken depended on the flow
conditions and the particle-saltating velocities. A low
frequency resulted in a large distance between the
particle images and, thus, diminished the accuracy of
the experiments. If the frequency was too high, the
images overlapped, making the photographs useless.
By trial and error, the frequency of the strobo was set
to be 50 Hz. During the experimental process, the
marked particles were released 4 m from the working
section, and the saltating trajectories were recorded by
the camera. The photographs were then projected onto
a big screen to measure the saltating velocities and the
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Table 1. The Real-time Flow Visualization Experiments

Run Slope Average Froude Transport Average saltation Average saltation Average longitudinal
Velocities  number stage parameter Tx length Lg¢/D height Ho/D saltation velocity Ug/Ux
R1 0.002 0.619 0.569 1.308 14.5 2.3 6.4
R2 0.006 0.689 1.143 2.077 20.0 2.6 6.9
R3 0.006 0.644 0.926 2.846 24.6 3.1 7.5
R4 0.016 1.125 1.668 3516 324 38 7.7
R5 0.016 1.386 1.730 4.806 40.0 4.7 . 8.1
R6 0.016 1.415 1.635 5.452 48.2 5.1 8.4
R7 0.016 1.103 1.654 8.615 59.1 5.9 9.1
R8 0.016 1.264 1.677 10.538 69.0 6.7 9.4
R9 0.016 1.426 1.694 12.462 85.3 7.4 9.6
R10 0.020 1.485 1.882 14.385 93.2 8.2 9.7
R11 0.023 1.495 1.926 16.308 101.0 9.0 9.8
R12 0.023 1.595 2.023 16.692 105.0 9.2 9.9
/—Camera1
[ ]
!
|
T T
Camero 2 i
||||l. " |j=— Flume Cross-section

§- Strobo light

Front View

Fig. 4. Experimental setup (2).

corresponding spinning rates. A typical trajectory of
the spinning motions during the saltation process is
shown in Fig. 5.

IV. Experimental Results

1. Average Saltation Length, Height, and Ve-
locity

Important results of the real-time flow visualiza-
tion experiments are summarized in Table 1, where

2 2 1
WP Wy oSy
(U*C)z )
port stage parameter and particle parameter, respec-
tively. L., H,, an U, are the average saltation length,
height, and longitudinal velocity, respectively. The
range of the transport stage parameter was between
1.308 and 16.692. The range of the dimensionless
average saltation length L /D was from 14.5 to 105;
that of the dimensionless saltation height H /D was

T. are the trans-

Fig. 5.

Saltation trajectory (2).

from 2.2 to 9.2; and that of the dimensionless average
longitudinal saltation velocity U /U was from 6.4 to
9.9. The average saltation length, height, and velocity
were found to increase as the transport stage parameter
increase.

The average longitudinal particle velocity was
slow in the rising limb of the trajectory, reached a
maximum value in the central portion, and then slowed
down in the falling limb. This can be explained as
follows. In the rising limb, the sediment particle was
picked up by water and transported to a higher velocity
zone. Hence, it was accelerating. Up to a.certain
elevation, the relative velocity decreased; thus, the
Saffman force and Magnus force decreased accord-,
ingly. The particle started to settle down due to gravity
and thus decelerated. Also due to the inertia effect,
the velocity in the falling limb was larger than the
velocity in the rising limb. This feature can be simu-
lated in the mathematical model developed in the study.

Regression equations for the dimensionless aver-
age saltation length, height, and velocity were obtained
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Fig. 7. Simulated and measured dimensionless average saltation
height.

and are listed as follows:

log[%] =0.778log[T+]+2.455 3)
H,
log[ﬁ] =0.558log[T+]+0.618 @)

log[—g—s] =0.1721og[ T+]+1.822. 5)

The R? values of Egs. (3), (4), and (5) are 0.995, 0.990,
and 0.992, respectively. The predicted and estimated
values are shown in Figs. 6-8. The results are satis-
factory. The applicable range of these equations is
T+=1.308-16.692. These results are similar to those of
Lee and Hsu (1994).

2. Spinning Motion during Saltating Process

According to the experimental observations,
particle spinning is a combined effect of its collision
with the bed, the velocity gradient, and the particle
shape. The axes of the spinning motion can be: parallel
to the channel bed and perpendicular to the flow di-
rection; parallel to the channel bed and in the flow
direction; or perpendicular to the channel bed. These
motions are known as top-spin, screw-spin, and side-
spin motions, respectively. Under uniform flow con-
ditions, the saltating processes are dominated by
top-spin motion. Side-spin and screw-spin motions
exist only at an early stage of the rising limb of the
process.

- The experimental results are summarized in Table
2. The transport stage parameter T+ ranged from 0.37
to 27.53, and the particle parameter D» varied from 57.1
to 171.8. The average lift-off spinning rate was be-
tween 11.24 and 31.8 revolutions/sec. Table 2 indi-
cates that the spinning rate increased as the transport
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Table 2. The High Photographic Technique Experiments

Run Slope Average Froude Transport stage Saltating to bed Particle Average lift-off Average lift-off
Velocities number parameter particle size ratio parameter spin-rate spinning parameter
T« D, D= w, Q
1 0.0031 0.554 0.705 12.23 1.0 57.1 11.24 14.45
2 0.0031 0.673 0.729 16.11 1.0 57.1 12.49 13.50
3 0.0052 0.601 0.797 20.78 1.0 57.1 14.35 13.27
4 0.0052 0.750 0.858 27.53 1.0 57.1 16.20 12.66
5 0.0052 0.592 0.785 0.37 1.0 163.9 18.29 92.30
6 0.0052 0.592 0.677 0.79 1.0 163.9 20.34 51.30
7 0.0083 0.780 1.018 1.22 1.0 163.9 21.73 37.70
8 0.0115 0.859 1.176 1.81 1.0 163.9 24.30 30.50
9 0.0136 0.900 1.286 2.20 1.0 163.9 25.12 27.10
10 0.0157 0.934 1.334 2.58 1.0 163.9 27.10 25.80
11 0.0178 0.973 1.419 2.91 1.0 163.9 27.70 24.05
12 0.0198 1.015 1.512 3.20 1.0 163.9 27.86 22.52
13 0.0198 1.173 . 1.530 4.35 1.0 163.9 31.83 20.57
14 0.0083 0.780 1.017 1.32 1.1 171.8 21.19 38.54
15 0.0115 0.859 1.176 1.95 1.1 171.8 23.48 31.27
16 0.0136 0.900 1.286 2.35 1.1 171.8 24.28 2791
17 0.0157 0.934 1.334 2.75 1.1 171.8 25.43 25.92
18 0.0178 0.973 1.419 3.10 1.1 171.8 26.98 25.14
19 0.0198 1.015 1.512 3.41 1.1 171.8 27.56 23.96
20 0.1098 1.173 1.530 4.61 1.1 171.8 29.73 20.74
21 0.0083 0.780 1.017 2.36 0.8 125.0 18.32 24.87
22 0.0115 0.859 1.176 3.23 0.8 125.0 20.42 16.10
23 0.0136 0.900 1.286 3.80 0.8 125.0 22.09 15.42
24 0.0157 0.934 1.334 4.38 0.8 125.0 22.86 14.43
25 0.0178 0.973 1.419 4.88 0.8 125.0 23.42 13.69
26 0.0198 1.015 1.512 5.31 0.8 125.0 24.94 13.73
27 0.0198 1.173 1.530 7.04 0.8 125.0 26.50 12.01
28 0.0052 0.724 0.828 2.65 0.7 102.5 17.57 15.72
29 0.0083 0.780 1.017 3.53 0.7 102.5 19.44 14.05
30 0.0115 0.859 1.176 4.75 0.7 102.5 21.05 12.29
31 0.0136 0.900 1.286 5.54 0.7 102.5 22.68 11.89
32 0.0157 0.934 1.334 6.31 0.7 102.5 23.14 11.08
33 0.0178 0.973 1.419 6.99 0.7 102.5 25.46 11.37
34 0.0198 1.015 1.512 7.59 0.7 102.5 26.52 11.21
35 0.0198 1.173 1.530 9.94 0.7 102.5 28.37 10.03
stage parameter T+, the specific gravity of the saltating - 40
particle, and the relative size of the saltating particle G 35- PRESENT EXPERIMENT
D, increased. Under the same flow conditions and 2 s0ko © RUN13 (sphere)
similar specific gravity of the saltating particles, the 3 © RUN16 (natural sand)
average lift-off spinning rate of a spherical particle was fz 251
slightly larger than that of a natutal sand. £ 20f B
As shown in Fig. 9, the spinning rate decreased & sl °
linearly along the trajectory. Also, as shown in Fig. &
9, a spherical particle spun more rapidly than did a 100 5', 1l0 1'5 _ 2‘0 2'5 30

natural sand, and the result of the natural sands was
more irregular than that of the spherical particles. To
investigate the influence of Tx, D«, and D, on the
dimensionless average lift-off spinning rate, the ex-
perimental results of various particle sizes, shapes, and
specific gravities were analyzed and are shown in Fig.
10. This figure indicates that Q; decreased as T
increased. Q; can be expressed as @; «D/(Us—Usxc),

Saltation Distance, Xs/D

Fig. 9. The longitudinal variations of the saltation spinning rate.

where wy=average lift-off spinning rate, U-=flow shear
velocity, and Us=critical shear velocity of the particle.
According to Table 2, a larger '@, resulted in a smaller
Q; ; hence, we can conclude that the particle spun more
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Fig. 10. The variations of the lift-off spinning rate.

rapidly as the sediment transport capacity increased.
Under the same Tx, particles with larger sizes and
specific gravity spun more rapidly. The reason is that
larger and heavier particles tended to generate larger
reactive forces when they collided with the channel
bed. Hence, particles with sizes smaller than the bed
materials spun more slowly, and particles the same size
as the bed materials spun more rapidly. Leaving data
of runs 13 and 16 for verification, a regression equation
for the dimensionless average lift-off spinning rate is

0, =348.24(T:)"5(D:) 41D,y (6)

The R? values=0.94, and the applicable range of this
equation is T«=0.37-27.53, D«=57.1-171.8, and D,=0.7-
1.1. Similarly, leaving data of runs 13 and 16 for
verification, a regression equation for the longitudinal
variation of the spinning rate can be obtained:

®,="w,+a(Xs/D), (7)

where @, =average spinning rate; Xg=longitudinal sal-
tation distance; and a=a constant between -0.30 and
-0.44. To simplify calculation, an average value of
-0.35 was set. The R® values=0.88. The applicable
range of this equation is the same as that of Eq. (7).
These results are similar to those of Lee and Hsu
(1996).

Knowing the hydraulic characteristics and prop-
erties of the saltating particles, the spinning rate along
the trajectory can be computed using Eqs. (7) and (8).
The observed and predicted values of runs 13 and 16
are shown in Fig. 9. The accuracy is quite satisfactory.

V. Mathematical Model

1. Model Formulation

The forces acting on saltating particles include the
submerged weight, drag force, added-mass force, lift
force, Saffman force, and Magnus force. The Basset
history term, associated with the growth and decay of
the boundary layer on particles as the relative velocity
changes, is assumed to’be negligible (Wood and Jenkins,
1973). The forces are discussed in the following.

(1)Submerged Weight (F)
The submerged weight is expressed as:

Eg=ay(ps—pw) & D’ (8)

where oy=volume coefficient, which equals
1/67 for a sphere, and p,, and p,=densities of
water and particle, respectively.

(2)Drag Force (Fp)
The drag force is caused by a combination of the
pressure difference and skin friction and is
expressed as:

2
Fp= cDaA% (V=Ys)ol V-V, 9)

where Cp=drag coefficient, and o D*=projected
area perpendicular to the flow direction; ¢y is
the area coefficient; and V and Vs=velocities of
the flow and particle. The drag coefficients were
evaluated using the empirical relation of Morsi
and Alexander (1972).
(3)Added Mass Force (F,)

The added mass force depends on the relative
acceleration of a body with respect to the sur-
rounding fluid, resulting in an apparent mass in
addition to the real mass of the body. This force
is proportional to the mass of the displaced fluid
times the relative acceleration:

dV dV
F,=—oyp, 0D (== ——=5), 10
£, MPw Oy (dt i ) (10)
d dyV
where (TTV __a—’_TS) is the relative acceleration,

and oy, is the added mass coefficient. For a
sphere, o=0.5, and for most sediment grains,
oy is close to 0.5.
(4) Lift Force (F;)

Several different formulas are available for cal-
culating the lift force. Fluid-dynamic lift is
caused by the flow shear stress and the irregular
shape of the saltating particle. The former, which
is regarded as the Saffman force (Saffman, 1965),
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gives rise to a pressure gradient normal to the
shear in the direction of increasing velocity. The
latter is be regarded as the general lift force in
this paper. The lift force due to the irregular
shape is expressed as:

2
Fi= cLlapr% (V-Ve)ol V-V, (11)

where Cy=lift coefficient. It equals zero for a
sphere.
(5)Saffman Force (Fy)
~ Saffman’s equation (Saffman, 1965) can be writ-
ten as:

oV
Es= CLzPWv°'5D2(‘_’—‘_/s)'IZ—‘_/s|-(i )%, (12)

A%
where i:velocity gradient, and C;,=Saffman

lift coefficient. The Saffman lift coefficient is
a function of the Reynolds number R«=Ux«D/v;
Cr»=1.6 when R«<5, C;»,=20 when R:«>70,
and it varies linearly from 1.6 at R«=5 to 20 at
R.=70.
(6)Magnus Force (Fy)
The lift force due to the Magnus effect was
calculated using Rubinow and Kellers’ formula
(Rubinow and Keller, 1961):
EM=CL3wa3‘_/rxl/(D’ (13)
where V=27 is the particle angular velocity,
-, =saltation spinning rate; Cy3=Magnus lift co-
efficient, which equals 0.4 for the viscous flow;
and V, is the relative velocity.

Substituting the above mentioned force compo-
nents into the equation of motion, the governing equa-
tion is obtained. This equation is similar to those of
White and Schultz (1977), Van Rijn (1984), Wiberg
and Smith (1985), and Lee and Hsu (1994):

dv, D?
S S = aylp, - pw)D g+CD05A,Dw (—_MS)
3dV d Y
| v-vg| - JpeD
0V
+C o/ PV -V ra
+C3Pp DV XV, (14)

where mg=the mass of sediment grain; Vs=Usi+Wsj is
the instantaneous velocity of the saltating particle; Ug
and Wg=longitudinal and vertical components of the
particle velocity; ¥V=U(z)i is the flow velocity; and

V,=[(U-Us)*+(Ws)*1°%. The above mentioned equation
can be further simplified as

m U+ Ef 08 (Eg + Ey)®)
- Fp=Ys) Psing=0 (15)
m W+ By D)~ (Es + Egho %)
—ED(%)—EGCOS%O, (16)

where ¢=channel bed slope.
2. Flow Condition

The vertical-flow distribution is affected by the
roughness Reynolds number R=U:K /v, where
Ks=equivalent roughness height. The velocity distri-
bution is described by the logarithmic law

UR)= ——ln(z/z) 17)
where x=0.4 is the Karman constant; z,=0.11(v/

U:)+0.033Ky is the elevation where velocity equals
Zero.

3. Boundary Condition

The initial position of the particle was assumed
to be 0.50 D from the channel bed. According to Abbott
and Francis (1977), the average longitudinal and ver-
tical components of the lift-off velocity are approxi-
mately equal to 2U-.

4. Numerical Technique

The governing equations, Eqs. (15) and (16), are
second-order nonlinear partial differential equations.
They were transformed into a system of first-order
differential equations and then solved using the fourth-
order Runge-Kutta method.

VI. Results and Comments

1. Calibration and Simulated Results

The calibration procedure and results are similar
to those of Lee and Hsu (1994) and, hence, will not
be discussed in detail herein. Using the relations of
Egs. (6) and (7), the variations of the spin-rates under
the saltating process can be determined. Substituting
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Fig. 12. Influence of the Magnus effect on the characteristics of
particle saltation.

these data into the mathematical model, the saltating
trajectories and the corresponding kinematic character-
istics can be determined. The simulated saltating
trajectories are shown in Fig. 11. It shows that the
measured and simulated particle trajectories are very
close for various combinations of flow and sediment
conditions.

2. Influence of Magnus Effect

White and Schultz (1977) conducted a series of
wind tunnel experiments and obtained a particle spin-
ning rate of 100-300 revolutions/sec in wind sediment
transport. Hui and Hu (1991) conducted a series of
flume tests and obtained a spinning rate of about 40
revolutions/sec in water sediment transport. Regres-
sion equations for the dimensionless averaged lift-off
spinning rates and longitudinal variations of the spin-

ning rates were obtained in this study. Rubinow and
Kellers’ relation (Rubinow and Keller, 1961), i.e., Eq.
(13), was applied in the mathematical model to inves-
tigate the influence of the Magnus effect on the char-
acteristics of the particle saltation. The results are
shown in Fig. 12. It shows that the saltation length
and height increase significantly as the spin rate in-
creases. The simulation result with a spin rate of 20
revolutions/sec agrees well with the experimental data.
Comparing this result with the case without spinning
motion, it is found that the saltation length and height
increase 28% and 20%, respectively. These increments
are larger than the number suggested by Lee and Hsu
(1994).

3. Influence of Lift-Off Velocities and Angles

The lift-off velocities and angles are associated
with rebounding of the saltating particles from the
channel bed. They depend on the channel-bed configu-
rations and the approaching angles, and hence are
random processes. Four different combinations of the
velocity components and angles were simulated. The
results are shown in Fig. 13. It shows that the saltation
length and height increase as the lift-off angle increase.
The particle with a larger vertical lift-off velocity
component tends to have larger saltation height and
length. This is due to the particle’s acquisition of
momentum during the saltation process. The particle
with a larger vertical lift-off velocity component is
transported to a higher elevation and gains more
momentum there; thus, the saltation height and length

45

425 |-

40— usiy, wside @ ©)
srs b ---5 5 s

22
35—

325 - 7 ~
30 7 N\
275 - / \
25/ \
225 |- / Ve - @. ~ N \

2
2 45
S 68

NN

Saltation Height, Zs/D

20— / {, - \ \
175 = / N

1.5 —l // \ \ \
125 -/ , \\ \ \

L

“0.0 25 5.0 75 10.0 125 15.0 s 20.0

Saltation Distance, Xs/D

Fig. 13. Influence of the lift-off velocities and angles on the saltation
trajectories.
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increase.

4. Spatial Variations of Saltation Characteris-
tics

The spatial variations of the particle velocities for
various flow conditions were simulated and the results
are shown in Figs. 14 and 15. The particle accelerates
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Fig. 14. Simulated saltation velocities under the low transport stage
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Fig. 15. Simulated saltation velocities under the high transport stage
parameter.
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Fig. 16. Simulated particle saltation accelerations.
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Fig. 17. Longitudinal variations of the acting forces under the sal-
tation process.

in the rising limb, reaches the maximum velocity at the
top, and then slows down in the falling limb. The
relative velocity is larger for both rising and falling
limbs and reaches a minimum value at the top. Under
a higher transport stage parameter, the longitudinal
component of the saltation velocity is much closer to
the flow velocity as T increases. The spatial variations
of the particle accelerations are shown in the Fig. 16.
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The particle accelerates in the rising limb and then
decelerates. The spatial variations of the correspond-
ing forces acting along the trajectories were simulated
and the results are show in Fig. 17. The Saffman force
and Magnus force are very significant during the pro-
cess while the variations of the drag forces are not as
significant. The Saffman force and Magnus force are
significantly larger than the drag force. The added
mass force is larger in both the rising and falling limbs.

VIl. Conclusions

The hydraulic characteristics of particle saltating
motions were investigated experimentally and math-
ematically in this study, and the important findings are
summarized as follows.

The saltation length, height, and average velocity
were found to increase as the transport stage parameter
increased. The maximum saltation length, height, and
average velocity observed in the present study were
106.8 D, 9.3 D, and 9.9 U, respectively. Regression
equations, i.e., Eqs. (3)-(5), were obtained.

The spinning processes were found to be domi-
nated by top-spin motions under uniform flow condi-
tions. The spinning rate was maximum in the rising
limb and then decreased linearly along the saltating
trajectory. The average lift-off spinning rates observed
in this study were between 11.24 and 31.8 revolutions/
sec. The particle spun more rapidly as the sediment
transport capacity increased. Regression equations
for the dimensionless lift-off spinning rates and
longitudinal variations of the spinning rates along
the trajectory, i.e., Eqs. (6) and (7), were obtained.
These results are also similar to those of Lee and Hsu
(1994).

A mathematical model was developed to calculate
the saltation trajectory, velocities, and corresponding
accelerations. The model was calibrated and verified
with the experimental data. It shows that a particle
accelerates in the rising limb, reaches a maximum
velocity at the top of the trajectory, and then slows
down in the falling limb. The Saffman force and
Magnus force are significantly larger than the drag
force. The added mass force is larger in both the rising
and falling limbs. The Magnus effect increases the
saltation length and height by up to 20% and, hence,
cannot be neglected.
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Nomenclature
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The following symbols are used in this paper:

a constant;

drag coefficient;

lift coefficient;
saltating particle size;
particle diameter ratio;
particle parameter;
bed particle size;
added mass force;
drag force;

submerged weight;

lift force;

Magnus force;
Saffman force;
function of ():
gravitational acceleration;

water depth;
saltation height,

average saltation height;
equivalent roughness;
saltation length;

average saltation length;

particie mass;

roughness Reynolds number (=U+«Ks/v);
Reynolds number (=U«D/v);

specific weight;

bed slope;

transport stage parameter;

longitudinal flow velocity;

saltation longitudinal velocity;

average longitudinal saltation velocity;
longitudinal saltation acceleration;
shear velocity,

critical shear velocity;

flow velocity;

particle velocity;

relative particle velocity;

particle spinning velocity;

vertical saltation velocity; .
average vertical saltation velocity;
vertical saltation acceleration;
longitudinal coordinate;

saltation distance in x-direction;
characteristic of saltation;

dimensionless characteristic of saltation;
vertical coordinate;

zero velocity level;

saltation distance in z-direction;
area coefficient;

added mass coefficient;

volume coefficient:

specific weight of sediment;
specific weight of fluid;

lift-off angle;

Karman constant;

dynamic viscosity;

kinematic viscosity;

density of sediment;

density of fluid;

channel bed slope;
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2 dimensionless lift-off saltation spinning rate;
q, average dimensionless lift-off spinning rate;
[2]3 lift-off saltation spinning rate;

o, average lift-off saltation spinning rate;

W5 particle spinning rate; and

@, average particle spinning rate.
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