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Bedload particle velocity in supercritical open channel flows
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ABSTRACT: Single glass sphere motion recordings were conducted in a transitional-rough bed open 
channel at steady and highly supercritical flow similar to hydraulic conditions in sediment bypass tunnels. 
A high speed camera with a maximum resolution of 2,560 × 2,160 pixels was used to record the move-
ment of bedload particles with diameters of D = 5.3, 10.3 and 17.5 mm. An in-house developed Particle 
Tracking Velocimetry (PTV) program was used to determine the transport mode and velocities of each 
particle for a wide range of Froude numbers up to Fo = 6. The relative roughness defined as the ratio of 
the bed roughness height ks to the water depth h varied from ks/h = 0.02–0.03. Particles were observed 
to move in rolling and saltation modes depending on the Shields number. The particle velocity shows a 
linearly increasing relationship with both friction velocity and Froude number nearly independent on the 
particle diameter. A linear relationship was also found between rolling and saltating particle velocities 
indicating that particle velocity does not depend on the transport mode in the range of the investigated 
hydraulic conditions. Scaling of particle velocity with the wave celerity plotted as a function of the Froude 
number adequately merged external data sets with the present data. As a consequence, a linear fit for a 
large Froude number range was obtained.

either  rolling,  saltation or suspended motion. At 
low flow velocities, the main transport mode of  a 
particle is rolling, and the particle velocity corre-
sponds to the rolling velocity. With increasing flow 
intensity, i.e. Shields number θ, the mode shifts to 
saltation and the particle velocity corresponds to 
the saltation velocity. Abbott & Francis (1977), 
Niño et al. (1994), Hu & Hui (1996), Ancey et al. 
(2002) and Chatanantavet et al. (2013) focused on 
solely saltation mode and thus provided saltation 
particle velocities. Meland & Norrman (1966), 
Fernandez Luque & van Beek (1976), Ancey et al. 
(2003), and Julien & Bounvilay (2013) investi-
gated bedload motion by focusing on the rolling 
velocity of  a particle. General conclusions drawn 
from the above listed references are summarized 
as: (I) saltation velocities are slightly lower than 
fluid velocities, (II) rolling velocities are somewhat 
lower than saltation velocities for particle motion 
on a rough bed. In the case of  particle motion 
over a smooth bed these differences decrease and 
the particle velocity approach to the value of  the 
fluid velocity.

2 THeoReTICAL ModeL

Particle motion in a water stream is driven by 
hydrodynamic forces. According to Murphy & 
Hooshiari (1982), van Rijn (1984) and Lee & 
Hsu (1994) the acting forces are the drag force FD 

1 INTRoduCTIoN

Sediment bypass tunnels are operated in supercriti-
cal open channel flow. They provide an effective 
measure to decrease reservoir sedimentation by 
bypassing sediments into the dam tailwater during 
floods. due to high flow velocities and sediment 
transport in these structures invert abrasion dam-
ages occur causing significant annual maintenance 
cost (Sumi et al. 2004, Auel & Boes 2011). The Lab-
oratory of Hydraulics, Hydrology and Glaciology 
(VAW) of eTH Zurich initiated a research project 
to counter the invert abrasion and thus contrib-
ute to a sustainable use of bypass tunnels (Auel & 
Boes 2012). The main goals of the project are to 
investigate the (1) mean and turbulence character-
istics (Auel et al. 2014a), (2) sediment motion and 
transport mode, and (3) relationship between the 
transport modes and rates, and the invert abrasion 
depth of supercritical open channel flows. This 
contribution focuses on the particle velocities of 
one test series as a partial result of phase (2).

early laboratory investigations on particle 
motion and transport mode in turbulent open 
channel flows were carried out by Francis (1973), 
Abbott & Francis (1977), Murphy & Hooshi-
ari (1982), and van Rijn (1984). They analyzed 
single particle saltation trajectories and particle 
velocities Vp. The particle velocity is essentially 
dependent on the fluid velocity U and the bed 
roughness height ks. Particles are transported in 
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caused by pressure and skin friction forces, the 
lift forces FLG and FLS, caused by the flow velocity 
gradient (shear effect) and the spinning motion 
of  the particle (Magnus effect), respectively. The 
retarding forces are the gravitational weight G 
diminished by the buoyancy force FB, and the 
added mass force due to particle acceleration FAM 
(Fig. 1).

The drag is dependent on the slip velocity multi-
plied by the drag coefficient CD:

F A C U VD D D p= −( )1
2

2
ρ  (1)

where ρ = fluid density, AD = projected particle 
area perpendicular to the flow, U = the time aver-
aged velocity measured in front of a particle, and 
Vp = particle velocity. The lift force FLG is depend-
ent on the difference between the fluid velocity at 
the top and bottom of the particle Utop and Ubot 
and follows as (Chepil 1958)

F A C U ULG L LG top bot= −( )1
2

2 2ρ  (2)

where AL = projected particle area perpendicu-
lar to the flow. For a sphere the projected parti-
cle areas AD and AL are equal to (π/4)D2, with 
D = particle diameter. The lift force FLS due to the 
Magnus effect in a viscous flow is determined by 
Rubinow &  Keller (1961):

F C D U VLS LS p= −( ) ⋅ρ ω3  (3)

where CLS = lift coefficient for spinning motion, 
ω = 2πns = particle angular velocity, and ns = spin-
ning rate. However, FLS is usually neglected in 
sediment transport related phenomena due to low 
particle angular velocities.

The gravitational and buoyancy force can be 
merged and rewritten as the submerged weight of 
the particle FG as

F G F s gG B p= − = −cos ( ) cosα ρ α1 V  (4)

where s = ρs/ρ, with ρs = particle density, g  = gravi-
tational acceleration, and Vp = particle volume, 
with Vp = (π/6)D3 for a sphere.

The added mass force FAM is a pressure force 
that opposes the particle acceleration (Murphy & 
Hooshiari 1982). The fluid particles displaced by 
the particle in motion do not return to their pre-
vious positions after the particle passes but are 
shifted to the fluid motion direction. This perma-
nently displaced mass is referred to the added mass 
(Falkovich 2011).

A particle is set to motion when the force exerted 
by the fluid exceeds the retarding force. Incipient 
motion of a single particle mainly depends on its 
location on the bed, the decisive streamwise veloc-
ity acting on it and the corresponding turbulent 
forces (Fig. 1). When the acting drag force FD 
exceeds the retarding Coulomb friction force FR, 
the particle changes its state of movement from 
rest to rolling or sliding motion.

The Coulomb friction force FR follows

F F F GR G LG= −( ) +µ αsin  (5)

with µ = Coulomb friction coefficient, and 
µ = tanφs, with φs as submerged angle of repose 
being φs ≈ 30° for sand and gradually increasing 
to φs ≈ 40° for gravel (García 2008). The dynamic 
friction coefficient for sliding motion is somewhat 
lower than the static Coulomb friction coefficient 
due to the fact that a static object provokes a higher 
resistance than a moving one. The rolling dynamic 
friction coefficient is calculated as µr = 2d/D, with 
d = particle contact length, and values are more 
than two orders of magnitude lower than the static 
sliding friction coefficient (Böge 2006).

At the onset of motion, both the lift force due 
to particle rotation and the added mass force are 
absent (García 2008). The critical condition for 
incipient motion can thus be written as

F FR D=  (6)

This simplified particle motion model is basi-
cally dependent on the drag coefficient CD, the slip 
velocity, e.g. the difference between fluid and parti-
cle velocity, and the submerged particle weight.

The drag coefficient CD is directly dependent on 
the turbulent flow conditions and varies with the 
particle Reynolds number Rp. A particle settling in 
still water will reach a constant terminal settling 

Figure 1. Sketch of acting forces on a particle in 
motion.
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velocity once the drag equals the submerged par-
ticle weight (García 2008). Therefore, at a certain 
Reynolds number the drag coefficient CD becomes 
a constant. However, exact determination of CD 
is challenging, and still a topical research subject. 
For a sphere in laminar flow with very low par-
ticle Reynolds numbers Rp < 10−1, where no wake 
is present behind the sphere, Stokes (1851) found 
the drag coefficient CD = 24/Rp. Perry & Green 
(2008) proposed the widely applied constant value 
CD = 0.445 ± 13% for 103 < Rp < 3.5 × 105. At high 
Reynolds numbers Rp > 5 × 105 Schlichting & 
Gersten (2003) stated a similar constant value of 
CD = 0.4.

In the following the particle velocity Vp is ana-
lyzed and discussed in detail.

3 dIMeNSIoNLeSS PARAMeTeRS

To accurately describe particle motion some deci-
sive dimensionless parameters are introduced in the 
following. The standard parameter to describe the 
different flow regimes of open channel flow is 
the Froude number F being the ratio of inertial 
forces to gravitational forces given by

F
U
gh

=  (7)

where h = flow depth. The numerator represents the 
characteristic flow velocity while the denominator 
represents the wave celerity computed as c = (gh)0.5 
for rectangular cross-section. The friction velocity 
U* characterizes the shear at the boundary. Herein 
U* is calculated using the energy line slope Se due 
to nonuniform, but gradually varied flow condi-
tions in the experiments

U gR Sb
h e∗ = =

τ
ρ

 (8)

with τb = boundary shear stress, Rh = hydraulic 
radius. The relation between the fluid and friction 
velocity is given by the Chézy coefficient cz as

c
U
Uz =

∗
 (9)

The widely applied standard parameter to 
describe sediment motion is the Shields parameter 
introduced by Shields (1936) as

θ =
−

∗U
s gD

2

1( )
 (10)

The bed roughness is described by the rough-
ness Reynolds number ks

+

k
U k

s
s+ ∗=

ν
 (11)

with ks as equivalent sand roughness height intro-
duced by Nikuradse (1932, 1933), and ν = kin-
ematic viscosity. Note that in case of gravel bed 
rivers sediment grains move on top of equally sized 
grains of diameter D, therefore ks is in the range 
of D, thus ks

+ equals the particle Reynolds number 
Rp. Herein, the ratio of ks to D is much lower than 
unity and varies from ks/D = 0.02–0.06.

4 exPeRIMeNTAL SeTuP

4.1 Model flume

The experiments were conducted in a 0.30 m wide, 
0.50 m high and 13.50 m long glass- and PVC-
sided concrete lined tilting flume with a maximum 
discharge of  Q = 250 l/s. The coordinates in the 
streamwise, spanwise and vertical directions are 
x, y and z (Fig. 2). The discharge was control-
led with a magnetic flow-meter and transferred 
from pressurized to supercritical free surface flow 
using a VAW jetbox (Schwalt & Hager 1992). The 
approach flow depth ho was gate-controlled, and 
the flow depth h along the flume was measured 
with both, ultrasonic distance Sensors (udS) 
and a point gage.

Velocity measurements were carried out by Auel 
et al. (2014a) using a Laser Doppler Anemometer 
(LdA) system. The measured two-dimensional 
velocity data show the logarithmic Prandtl-von 
Kármán type velocity distribution. For each run 
U* and ks were obtained by applying the log-law 
(Nezu and Nakagawa 1993) to the velocity profiles 
as

U
U

z
z∗

=






1

0κ
ln  (12)

with κ = 0.41 as the von Kármán constant, and 
z0 = zero-velocity level from the channel bed given 

Figure 2. Sketch of model flume.
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by duan (2004) based on Nikuradse (1932, 1933) 
as

z
U

ks0 0 11 0 033= +. .
*

ν  (13)

This formula is valid in the transitional regime 
from 5 < ks

+ < 70. The average value of ks found by 
Auel et al. (2014a) is ks = 0.3 mm (±0.2 mm).

4.2 Test runs

The flow was fully developed, supercritical, and 
both uniform and gradually varied. All test runs 
were conducted at steady flow conditions at a tran-
sitional hydraulically rough regime. Glass spheres 
were used with diameters D of  5.3, 10.3 and 
17.5 mm and corresponding densities ρs  = 2,530, 
2,570 and 2,340 kg/m3, respectively. each particle 
was added separately by hand at the flume center 
x = 0.50 m downstream of the jetbox. The following 
hydraulic parameters were systematically varied: 
Bed slope Sb = 0.01 and 0.04, ho = 50 and 100 mm, 
and approach flow Froude number Fo = 1.25, 1.5 
to 6.0 (in 0.5 steps). every test run was repeated 
n = 20 times to allow for a statistical analysis yield-
ing to 2,640 recorded motions of glass spheres. 
In the present article we focus on one test series 
implying 33 test runs with Sb = 0.04, ho = 100 mm at 
11 Froude number variations for all particle sizes.

4.3 Data recording and image analysis

Particle motion was recorded using the pco.edge 
scientific CMoS—high speed camera system. 
The image resolution was 2,560 × 400 pixels cor-
responding to the area of 1,100 × 200 mm. The 
frame rate was fixed at 240 fps. The flume was illu-
minated with 7,000 W lighting in total to allow for 
a 0.2 ms exposure time. Image processing was car-
ried out by an in-house developed Matlab® Code 
based on a similar algorithm as applied by detert 
and Weitbrecht (2012) for the object detection soft-
ware Basegrain®. All particles were painted white, 
whereas the bottom and PVC-wall were black to 
obtain high-contrast images. only the large glass 
spheres were unpainted resulting in a diaphanous 
particle center. In Figure 3 the single particle track-
ing steps are presented showing a challenging test 
run with a large glass sphere to demonstrate the 
algorithm robustness. The original image was trans-
ferred from an 8-bit greyscale (a) into a binary 
image (b) subtracting the first recorded image 
containing no particle and applying otsu’s method 
(otsu 1979). Then the bed and water level surface 
(c) were cut. due to the diaphanous sphere only 
the particle edges were detected. Thus, the detected 
pixels were dilated (d) and reduced again (e) by 

the same size. As a result, the empty space inside 
the particle perimeter is filled. Finally the parti-
cle boundaries were detected using the Matlab® 
function bwboundaries and the particle properties 
were obtained (f) using the function regionprops. 
The remaining areas were filtered using a prede-
fined area range for every particle diameter. Small 
areas with a size of some pixels were thereby 
deleted. However, if  two or more equal-sized areas 
remained in the figure due to wavy two-phase flow 
for example, the particle center coordinates of 
image i–1 were used to determine the closest down-
stream area in figure i. The more distant areas were 
deleted. Finally only one area per image remained. 
The function regionprops provides the center coor-
dinates x and z, the area A, the perimeter P, the 
major and minor axes a and b and the rotational 
angle between a and a horizontal line.

As an example, Figure 4 shows characteristic 
saltating motion of three spheres with diameters 
D = 17.5, 10.3, and 5.3 mm, respectively. Note that 
the raw images are superimposed by the center 
coordinates of some 100 consecutive particles.

Herein, the instantaneous horizontal and ver-
tical particle velocities ui and wi were calculated 
between two consecutive recorded images as

u
x
t

w
z
ti i= =

∆
∆

∆
∆

,  (14)

where ∆t = 1/240 s is the time difference between the 
images, and ∆x  = xi+1 – xi, and ∆z  = zi+1 – zi as the 

Figure 3. Six particle tracking steps. exemplary test 
run with Sb = 0.01, Fo = 4, h0 = 100 mm, particle diam-
eter D = 17.5 mm. a) original 8bit photograph, b) binary 
black-white image, c) bed and water surface cutting, d) 
pixel dilation, e) pixel reduction, f) boundary detection.
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horizontal and vertical displacements of the parti-
cles, respectively (Fig. 5). The resultant instantane-
ous velocity vi is given by its modulus as

v u wi i i= +2 2  (15)

The particle velocity vp,n is defined as the average 
of all consecutive velocities vi per single particle 
within the recorded flume section, and the mean 
particle velocity Vp is the average of n = 20 particles 
for the same flow condition.

5 exPeRIMeNTAL ReSuLTS

The experimental results show that particles were 
dominantly transported in saltation mode with 
minor parts in rolling mode (Auel et al. 2014b). 
The distinction between rolling motion and salta-
tion was implemented in the algorithm used in the 
data analysis as follows: if  a particle rises and its 
center exceeds a distance of 0.1D away from the 
bed, the particle changes its mode to saltation. The 
threshold 0.1D was adjusted by trial and error and 
compared to the visually determined transport 
mode. A similar approach and threshold value of 
0.07D were used by Böhm et al. (2006).

The rolling probability for every test condition 
decreased from 80 to 15% for the large, from 30 to 

10% for the medium, and from 10 to 0% for the small-
sized spheres with increasing flow intensity. Thus the 
rolling velocity data for the latter is poor and was 
neglected if the saltation probability exceeded 95%.

In the range of the investigated flow conditions, 
almost no difference was observed between the 
particle rolling velocity Vroll and particle saltation 
velocity Vsal and a linearly increasing relationship 
between these velocities was obtained (Fig. 6). We 
thus conclude that the particle velocity VP is quasi-
independent from the transport mode.

In general, the particle velocity Vp is expressed 
as a function of the friction velocity U* and writ-
ten as (Abbott & Francis 1977, Bridge & dominic 
1984, Niño et al. 1994)

V a U Up c= ⋅ −( )∗ ∗  (16)

with a being a constant. Figure 7 shows Vp as a 
function of U* for all 33 test runs and reveals that 
Vp increases linearly with U*. From the linear data 
fit, the critical value U*c is determined. The correla-
tion is high (R2 = 0.99) and follows

V Up = ⋅ −( )∗25 0 027.  (17)

The critical friction velocity is U*c = 0.027 m/s 
and the constant is a = 25. The determination of 
U*c is achieved through an extrapolation of the 
experimental data. As the onset of motion was 
not the project focus, no experiment was made at 
low flow intensities. However, in the following it 
is shown that the obtained value corresponds well 
with comparable literature data.

Figure 4. Motion of a single glass sphere. exem-
plary test run with Sb = 0.01, Fo = 4, h0 = 100 mm. a) 
D = 17.5 mm, b) D = 10.3 mm, c) D = 5.3 mm.

Figure 5. Sketch of particle motion.

Figure 6. Particle saltation velocity Vsal as a function of 
rolling particle velocity Vroll. Particles with less than 5% 
rolling probability omitted.
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only a slight effect of the particle diameter on 
the Vp ∼ U* relation is observed. Large particles 
travel in average approximately 3% and 5% faster 
than the medium and small ones, respectively. The 
values of a obtained from erodible, movable bed 
conditions vary around a ≈ 5 (Niño et al. 1994, 
Lajeunesse et al. 2010), while they vary around 
a = 10∼15 on rough fixed bed conditions (Francis 
1973, Abbott and Francis 1977, Mantz 1980).

However, the present data deviates and doubles 
these values. This is attributed to the differences in 
the flow to friction velocity ratio which is expressed 
by the dimensionless Chézy coefficient cz (eq. 10). 
Standard values of cz observed for movable bed 
experiments and gravel bed rivers vary around 
cz ≈ 10 (Lajeunesse et al. 2010). Auel et al. (2014a) 
found higher values for the present experimen-
tal flow conditions (cz = 21 ± 1.3) due to both the 
transitional rough bed and low relative roughness 
(ks/h = 0.02–0.03). Similar values of cz, i.e. 21∼22, 
have been documented by Nezu and Rodi (1986) 
for an open channel flow over a smooth bed with 
Fo = 1.1∼1.24. Note that these values are double or 
even higher compared to gravel bed rivers and thus 
explain the difference between the a values.

Applying the critical friction velocity 
U*c = 0.027 m/s to equation 11 leads to critical 
Shields parameters of θc = 0.009, 0.005, and 0.003 
for D = 5.3, 10.3 and 17.5 mm, respectively. An aver-
aged critical Shields parameter is obtained apply-
ing an average sphere diameter of Dm = 11.0 mm 
with an average density of 2,480 kg/m3 leading to 
θcm = 0.005. These values are an order of magnitude 
lower compared to alluvial river bed data due to the 
fixed transitional rough bed. other fixed smooth 

and transitional bed data yield θc = 0.007 as stated 
by Chatanantavet et al. (2013), indicating that the 
obtained θc is in a good agreement with literature 
data, and thus the value of U*c is reasonable.

Figure 8 shows a normalized plot based on 
Lajeunesse et al. (2010). Vp presented in Figure 7 is 
scaled with the particle settling velocity Vs given by 
Ferguson & Church (2004) as

V
s gD

C C s gD
s =

−

+ −( )
( )

. ( )
.

1

0 75 1

2

1 2
3 0 5

ν
 (18)

where C1 = 18 and C2 = 0.4 for smooth spheres. 
Additionally the published data from Fernan-
dez Luque & van Beek (1976), Abbott & Francis 
(1977), Lee & Hsu (1994), Niño et al. (1994), and 
Lajeunesse et al. (2010) are plotted for both mov-
able and fixed rough beds.

All data show a linearly increasing relationship 
between Vp/Vs and U*/Vs, but the magnitude of the 
present data significantly differ from the other data 
primarily due to the low ratio ks/D. For similar U*/
Vs the scaled particle velocities from the present 
experiments are around 2 and 5 times higher than 
those from the published data. In general, the data 
over movable bed experiments (Niño et al. 1994, 
Lajeunesse et al. 2010) show lower relative particle 
velocities compared to data over fixed rough bed 
experiments (Abbott & Francis 1977, Lee & Hsu 
1994).

The above mentioned large value of the flow to 
friction velocity ratio of cz ≈ 21 in the present study 
compared to cz ≈  10 for rough beds is considered as 

Figure 8. Normalized particle velocity Vp/Vs as a func-
tion of normalized friction velocity U*/Vs. external data 
taken from Lajeunesse et al. (2010).

Figure 7. Particle velocity Vp as a function of friction 
velocity U*.
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the main reason for the deviating data observed in 
Figure 8. Thus normalization with the flow veloc-
ity (or Froude number) would merge the data sets, 
which is shown in the following.

Furthermore, different particle diameter, density 
and shape may also have an effect on the deviation 
in Figure 8. The larger the particle the more it is 
exposed to the flow, and the more it is accelerated 
by the streamwise flow component due to the loga-
rithmic velocity profile (eq. 13).

Figure 9 shows the particles velocities normal-
ized by the wave celerity c = (gh)0.5 as proposed 
by Chatanantavet et al. (2013) as a function of 
the Froude number F. The data sets of Abbott & 
Francis (1977), Niño et al. (1994), and Lee & Hsu 
(1994) are included in Figure 9. Note that the data 
from Fernandez Luque & van Beek (1976), and 
Lajeunesse et al. (2010) were not added due to a 
lack of flow velocity data. The data sets merge and 
collapse with the present data due to the fact that 
F represents the flow velocity, thus neglecting the 
above discussed deviation in the friction velocity.

The normalized particle velocity increases lin-
early with F and may be approximated as

V

gh
p = − ≤ ≤1 1 0 7. .F Ffor 0.5    5.0  (19)

The overall data correlation is excellent 
(R2 = 0.99). However, in the subcritical flow region, 
the scatter is slightly higher due to the rough-
ness effect in the added studies. With increasing 
flow intensity, i.e. Froude number, the deviation 
decreases as the particles change to the saltation 

mode and the bed contact decreases. Note that 
since plotting all data in a dimensional form, i.e. 
Vp versus U* yields a strong correlation as shown 
in Figure 7, and the relation between U* and U 
is evidently given by cz, the strong correlation in 
 Figure 9 is not an artifact of the normalization 
using the wave celerity c appearing in both the 
dependent and independent variables (Chatanan-
tavet et al. 2013).

As a result, all added external data sets comple-
ment the present data providing a linear fit valid 
for a large Froude number range.

6 CoNCLuSIoNS

Single glass sphere motion recordings were con-
ducted in a transitional rough bed open channel 
at steady, supercritical, and both uniform and 
gradually varied flow similar to hydraulic condi-
tions present in sediment bypass tunnels. The rela-
tive roughness varied from ks/h = 0.02–0.03, and 
particles move over a bed with roughness elements 
more than an order of magnitude smaller than its 
diameter. The results of the data analysis on 660 
recorded motions of glass spheres out of 2,640 
have been presented.

The dominant transport mode in the present 
experiments was saltation with minor parts in 
rolling motion. The particle velocities were deter-
mined for a wide range of test runs varying the 
Froude number and particle diameter. A linear 
relationship was found for rolling and saltating 
particle velocities. Thus the particle velocity is 
independent on the transport mode in the range 
of the investigated hydraulic conditions. Regard-
ing particle saltation motion, the particle velocities 
show a linear relationship with the friction velocity 
or Froude number quasi-independent on the par-
ticle diameter.

Comparison between literature data over mov-
able bed and the present data reveals a significant 
effect of relative bed roughness on the particle 
velocity. The particle velocities normalized by the 
particle settling velocity from the present experi-
ments are around 2 to 5 times higher than those 
from the published data when plotted as a function 
of the friction velocity. This is attributed to the fact 
that for the same flow velocity the friction veloc-
ity is affected by bed roughness, channel width to 
water depth ratio, i.e. 2d and 3d flow conditions, 
and Froude number. Therefore, scaling the particle 
velocities with the wave celerity and plotting them 
as a function of the Froude number yields a better 
collapse of the present and the former data. Tak-
ing into account that the present experiments were 
carried out at much higher Froude numbers than 
those reported in the literature and that the results 

Figure 9. Normalized particle velocity Vp/(gh)0.5 as a 
function of Froude number F.
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agree with most of the findings in the literature, 
the dynamics and the characteristics of particle 
bedload motion and the corresponding particle 
velocities presented with adequate scaling appear 
to be quasi-universal.
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