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Numerical investigation of particle saltation in the bed-load regime
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This paper numerically investigates particle saltation in a turbulent channel flow having a rough bed consisting of 2-3 layers of
densely packed spheres. In this study, we combined three the state-of-the-art technologies, i.e., the direct numerical simulation
of turbulent flow, the combined finite-discrete element modelling of the deformation, movement and collision of the particles,
and the immersed boundary method for the fluid-solid interaction. Here we verify our code by comparing the flow and particle
statistical features with the published data and then present the hydrodynamic forces acting on a particle together with the par-
ticle coordinates and velocities, during a typical saltation. We found strong correlation between the abruptly decreasing particle
stream-wise velocity and the increasing vertical velocity at collision, which indicates that the continuous saltation of large
grain-size particles is controlled by collision parameters such as particle incident angle, local rough bed packing arrangement,
and particle density, etc. This physical process is different from that of particle entrainment in which turbulence coherence
structures play an important role. Probability distribution functions of several important saltation parameters and the relation-
ships between them are presented. The results show that the saltating particles hitting the windward side of the bed particles are
more likely to bounce off the rough bed than those hitting the leeside. Based on the above findings, saltation mechanisms of
large grain-size particles in turbulent channel flow are presented.
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1 Introduction

Sediment transport is important for predicting the impact of
human intervention on river and coastal systems, which can
have large and small scale, and near and far field conse-
quences. In the bed-load layer sediment may be transported
via three modes: sliding, rolling and saltation and the last
one is considered as the most dominant motion of sediment
particles [1,2]. Particle saltation in turbulent channel flow
has been experimentally investigated for several decades.
Many statistical features, such as saltation length and height,
mean particle stream-wise velocity, incidence and take-off
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angles at collision, and dynamic friction coefficient, etc.,
have been reported by many researchers [3—12]. However,
the hydrodynamic forces acting on the particles and the
process of the particles impacting on and rebounding from
the rough bed, which plays a fundamental role in particle
saltation, have not been studied adequately due to the fact
that they are very difficult, if not impossible, to be measured
directly.

Besides experimental studies, different theoretical mod-
els have also been presented [1,8,9,13]. These models based
on Newton’s second law and some vital parameters, such as
drag and lift coefficients, restitution and friction coefficients,
incident and take-off angles, etc., were determined experi-
mentally and reasonable results on the first-order statistics
were obtained. However, the fluctuation in particle trajec-
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tory caused by the turbulent coherent structures and the di-
versity of take-off angles owing to the random packing ar-
rangement of particles forming the rough bed were not re-
produced in those results. Nifio and Garcia [14] stated that
neglecting turbulence would lead to the overestimation of
the mean values of the saltation length and height. In their
numerical study, the turbulent fluid velocity was modeled
using a random walk model. Bialik et al. [2] numerically
investigated the influence of turbulence structures on the
trajectories of saltating particles in an open-channel flow. In
their study, the mean flow is 2D and steady. The instanta-
neous longitudinal fluctuating velocity was generated by
using a special procedure based on the assumption that the
spectrum of turbulent kinetic energy was known at any dis-
tance from the bed. Clearly, these theoretical and numerical
studies are quite crude and, basically, the fidelity of the re-
sults cannot be guaranteed.

With the development of high performance computer and
numerical schemes, sediment transport simulation in which
both particles and the turbulent flow field are well-resolved
by grids presents an effective way not only to investigate
the interaction between particle motions and near-bed tur-
bulence structures, but also to show the dynamic process of
particle saltation in detail in which the hydrodynamic forces,
collision between particles and pressure distributions on the
particle surface are investigated. These results will certainly
contribute to the understanding of the underlying physical
mechanisms of particle saltation.

Chan-Braun et al. [15] numerically investigated the hy-
drodynamic forces and torques acting on spherical particles
on a rough bed consisting of one layer of spheres in a square
arrangement using a combination of the direct numerical
simulation (DNS) of the turbulent flow and the immersed
boundary method (IBM) for the fluid-solid interactions.
Chan-Braun et al. [16] further studied the statistical features
of the sediment entrainment in a rough bed channel in
which the particles were small and in a suspended load state.
However, in their studies, the particles were idealized as
rigid spheres and their collisions and resulting contact forc-
es were calculated using an artificial repulsion potential. It
is common knowledge that the collision process, although
short in time, is very complicated and crucial to the particle
saltation. Thus, the over-simplified models such as that used
in Chan-Braun et al. [16] may lead to unexpected results. To
avoid this problem, we applied the combined finite-discrete
element method (FDEM) for the particle dynamics, in
which the deformability of the particles was taken into ac-
count by solving the kinematic relations and the constitutive
equations, while particle collisions were modelled using the
penalty function method.

This study is aimed at determining the statistical features
of particle saltation in turbulent channel flow and the un-
derlying physical mechanisms. It differs from the experi-
mental studies of refs. [4,6,7] in that a complete dynamical
process of the continuous particle saltation in a surrounding
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turbulent flow is presented for the first time. The closely
correlated decreasing stream-wise velocity and increasing
vertical velocity of a saltating particle at collision, together
with the time histories of the hydrodynamic forces, show
clear evidence that large particles obtain vertical momentum
mainly from their stream-wise momentum. The probability
distribution functions (PDF) of several important particle
saltation parameters (such as the incident, rebound and col-
lision angles, the incident, rebound and saltation velocities,
etc.) and the relationships between them, which were not
sufficiently investigated in the experimental studies, are also
presented. It should be noted that the turbulent flow and the
interactions between flow and particle are numerically sim-
ulated on the well-resolved grids which is totally different
from previous theoretical models [1,8,9,13] in which the
turbulence was modelled and the fluid-solid interaction ne-
glected. Compared with the numerical simulation of
Chan-Braun et al. [15,16], the use of FDEM guarantees the
fidelity of the simulation of complex interactions among the
saltating particles and the rough bed.

2 Methodology

The whole problem can be divided into three sub-problems,
i.e. the simulation of turbulent channel flow, the simulation
of particle movement, deformation and collision, and the
simulation of the interaction between turbulent flow and
particle motion. Accordingly, the methodology applied in
this study is a combination of three state-of-the-art numeri-
cal technologies, i.e. DNS of the turbulent flow, the FDEM
for the particle dynamics, and the IBM for the fluid-solid in-
teractions.

The code used to simulate the turbulent flow is an in-
house computational fluid dynamics (CFD) C code called
Cgles [17]. It is a 3D DNS/LES (large eddy simulation)
code with second order accuracy in both time and space.
This code was applied to simulate turbulent flow over a
rough bed in our previous work [18,19] and has a proven
high fidelity and parallelizing efficiency.

The immersed boundary method, first introduced by
Peskin [20] in the simulation of blood flow around the flex-
ible leaflet of human heart, was incorporated into CgLes to
model the interaction between the flow and moving parti-
cles. In the IBM framework, the flow governing equations
are discretized on a fixed Cartesian grid which generally
does not conform to the geometry of moving solids. As a
result, the boundary conditions on the fluid—solid interface
which manifest the interaction between fluid and solid can-
not be imposed straightforwardly. Instead, the solid surface
is represented by a set of immersed boundary points (IBPs)
on which an extra singular body force is imposed. This
force is then added into the momentum equation of fluid
motion to take such fluid-solid interaction into account us-
ing interpolation/distribution functions.
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The conservative forms of the second-order Adams-
Bashforth temporal-discretized governing equations of in-
compressible fluid flow using the IBM are

3 1 3 1
un+l — un +5t _hn ——hrkl ——V n +—V n-1
2 2 2 P 2 P

1
+ f 25t (D
and
Vau"!' =0, 2)

where, u is the fluid velocity, p is the pressure and
h=V-(—uu+v(Vu+Vu')) are the convective and diffu-

sive terms. The extra body force f on the Cartesian grids is
defined as

1
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where I and D represent the interpolation and distribution
functions, respectively, V is the velocity of the IBPs which
is determined by the motion of the solids.

The main advantage of the IBM is associated with its in-
herent simplicity in treating flows which have solids with
moving boundaries due to the fact that the IBPs are not
connected with the Cartesian background grid. To improve
the accuracy of the IBM, an iterative direct-forcing IBM
which was introduced in our previous work [21] is applied
in this study.

To simulate the movement and collision of particles, the
FDEM developed by Munjiza et al. [22] was applied. In the
context of the FDEM, each particle of general shape is rep-
resented as a single discrete element which is then discre-
tized into finite elements for deformability, fracture and
fragmentation. The movement of particles is simply gov-
erned by the Newton’s second law. The penalty function
method is employed to calculate the normal contact force F,
when two particles are in contact and assumes that the two
particles penetrate each other. Because the discrete elements
are discretized into finite elements, each contacting pair of
discrete elements is in fact represented by a set of contact-
ing finite elements. The elemental contact force is then di-
rectly related to the overlapping area of the finite elements
in contact. In this study, a distributed contact force algo-
rithm introduced by Munjiza and Andrews [23] - which is
relatively easy to implement and preserves energy balance -
is applied to generate a realistic distribution of contact forc-
es over finite contact areas. The calculated elemental con-
tact force is then distributed around the nodes surrounding
the contact in order to preserve the system from artificial
stress concentration.

_lhlrl
2
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As suggested by Munjiza and Andrews [23], the normal

contact force is given by
nrﬂ“m ((Da _¢);/' )dF, (4)
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where, S, and f, are the ith and jth finite elements

of the contactor and target discrete elements respectively,
while n and m are the total number of finite elements into
which the contactor and target discrete elements are discre-
tized. n, . is the outward unit normal to the boundary

[ of the overlapping volume B, Np,. ¢ and ¢, are

potential functions for the contactor and target discrete ele-
ments respectively.

In this study, the simplest finite element in 3D - a linear
four-node tetrahedron-has been adopted. The potential func-
tion at an arbitrary point P inside a tetrahedral finite element
is given by

@(P) =4k, min{V, / V.V, I V.V, I V.V, IV}, 5)

where k, is the penalty parameter, V the volume of the tet-
rahedral finite element and V, (i=1,2,3,4) are the vol-

umes of the corresponding sub-tetrahedrons at the point P.
The potential ¢ equals 1 at the tetrahedron center and O at
and beyond the tetrahedron surfaces.

Xiang et al. [24] further developed the FDEM by taking
into account the sliding friction force by implementing the
well-known Coulomb-type friction described as follows:

E :_ktDt _ﬂth’ (6)

in which F, is the tangential elastic contact force, k, the tan-
gential spring stiffness constant, 7, the viscous damping
coefficient and D, and V, are the tangential relative dis-
placement and velocity between particles respectively. If F,
is bigger than the friction force obeying the Coulomb-type
FH
another and the tangential force is then calculated using the
total normal elastic contact force F;:

friction law, i.e., |E| > u , the particles slide over one

F,=—ulF,|(V,/|V}), )

where g is the coefficient of sliding friction.

The FDEM code therefore includes algorithmic proce-
dures for deformability of individual discrete elements,
fracture and fragmentation algorithms (switched off for this
study), contact detection between moving solids, friction-
al-sliding interaction between solids and a whole set of ap-
plication specific algorithms.

3 Validation of flow and saltation statistics

In this study, we considered sediment transport in a fully
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developed turbulent open channel flow having a rough bed
consisting of 2-3 layers of densely packed spheres, as
shown in Figure 1. The total number of spheres is 6355 and
the rough bed is water-worked which means the most ex-
posed spheres are removed. This sphere arrangement [25]
was provided by researchers in TU Delft. No-slip boundary
conditions have been used on both the bed and sphere sur-
faces and the top boundary is set as a free-slip hard lid. Pe-
riodicity is imposed in the stream-wise and span-wise direc-
tions. Table 1 summarizes the simulation parameters.

The computations were run on the UK’s national super-
computing facility: HECToR. This simulation was carried
out on 150 processors (AMD Opteron 2.3 GHz) for a wall-
clock time of 2 months, which is about 200K CPU hours.

In order to keep the computational requirements to a
minimum, we first carried out a LES at one half of the DNS
grid resolution with fixed spheres. The LES was run for
around 307 (where T =d/u, is the large-eddy turnover

time) to obtain a fully developed turbulence flow. This fully
developed turbulent flow field was then interpolated onto
the DNS grid to yield the initial conditions for the DNS.
Time integration was performed on the DNS grid for 207 to
make the effect of the initial conditions vanish and for the
velocity field to reach a fully developed state. The mean

FLOW

Figure 1 Channel geometry.

Table 1 Parameters of the bed-load transport simulation

Item Value
6d xd x4d

Computational box size

Reynolds number Re' =u,d /v =1000
DNS grid 960 %160 x 640

Grid resolution A =AY =Az" =625
Kolmogorov length scale nt~33

Height of roughness elements k=03d

Density ratio s,=p,/ p,=2.65
Particle diameter D=0.1d

Particle Reynolds number Re;, =u.D/v =100

Shields function O=1,/(gD(p,—p,))=0.065

Note: d is the channel depth, u. is the flow friction velocity, v is the
kinematic viscosity of fluid, p, and pr are the density of solid and fluid,
respectively, 7, is the non-dimensional bed shear stress on the effective bed
location, g is the gravitational acceleration.
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velocity profiles and turbulent quantities were then calcu-
lated over a further 107. Once the turbulence was statisti-
cally stable, time was reset to zero and the spheres were
then set free. The spheres’ motions together with the sur-
rounding flow field were recorded for 127. Various salta-
tion statistics began to be calculated at r = 6T after which
the movements of the spheres were considered to be statis-
tically stable.

To facilitate the discussion below, the following termi-
nology is adopted: Single-phase flow indicates the turbulent
channel flow over a fixed rough bed and the two-phase flow
denotes the turbulent channel flow with sediment transport.

3.1 Turbulent flow statistics

To verify our results, we compared the temporal and plane
averaged statistics obtained from the DNS with the experi-
mental data of Defina [26], Grass et al. [27], Grass [28],
Nezu [29] and the numerical results of Singh et al. [18].

An approach of fitting mean velocity curve to the loga-
rithmic law-of-the-wall was applied to determine the effec-
tive bed location y, and the equivalent bed roughness height
ks by solving a two-parameter nonlinear curve-fitting prob-
lem using the least squares and Newton-Raphson techniques.
This procedure yields y, = 0.84k, k;, = 0.807k and a rough-
ness Reynolds number of & =242 indicating a com-

pletely rough flow regime. This set of values is in a good
agreement with the experimental data (y, = 0.783k and &, =

0.88k with k7 =79.2) of Defina [26] and the numerical
results (y, = 0.81k and k; = 0.768k with k =102) of Singh

et al. [18]. The distance between the effective bed location
and the highest crest of the roughness elements in this sim-
ulation is 8/k =0.16 which is close to the lower bound of
the suggested range o/k =0.15-0.3 of Nezu and Nak-
agawa [30]. Table 2 lists the mean flow features computed
based on the DNS data.

In order to compare the DNS results with those from the
literature, a vertical coordinate Y = y—y, is defined. Figure 2
shows the mean stream-wise velocity profile over the rough
bed. Good agreement with the measured data of Defina [26]
(k! =288) has been achieved. The deviations from the ex-

perimental data of Grass et al. [27] and the DNS results of
Singh et al. [18] are obviously due to the different

Table 2 Mean flow features obtained from the DNS data for the sin-
gle-phase flow

Flow variables Reynolds number

ki =k, /v=242

Equivalent roughness, & =0.807k
Effective channel depth, h=d -y, =2.493k Re; =u h/v="748
Bulk mean velocity, U, =8.578u, Re, =U,h/v=6417

Mean velocity of the top surface, U, =10.80u, Re’ =U h/v =8078
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Figure 2 (Color online) Mean velocity profiles. The dashed line indicates
the logarithmic law-of-the-wall with k' =242 and the vertical solid line

represents the highest crest of the roughness elements.

roughness adopted. However, these profiles collapse when
they are plotted against Y/k; (Figure 3) to eliminate the
roughness effects on the velocity profile.

Figure 4 shows the turbulence intensities together with
the experimental values from Grass [28] and Nezu [29] and
the DNS results of Singh et al. [18] with roughness Reyn-
olds numbers of 74.5, 100 and 102, respectively. It can be
seen that the present values are lower than the experimental
data of Grass [28] and Nezu [29], but show fairly good
agreement with the DNS results of Singh et al. [18] every-
where except near the rough bed. The peak value of 1.84 of
the stream-wise velocity fluctuation u,s/u, compares well
with 1.83 obtained by Singh et al. [18] but both are lower
than the published experimental results, e.g., u;n/u,= 2.2 in
Grass [28], and is due to the different definitions of u, used.
In the experimental work of Grass [28], u, is defined as the
friction velocity on the effective bed location of a rough bed.
However, in the DNS study of Singh et al. [18], u, is calcu-

lated as |7,/ p, , where 7, is the shear stress estimated

—— Present DNS k=242

e Singh [18] DNS ks‘=102
* Grass [27] Exp. k'=79.2

|t v Defina [26] Exp. k =288

O T 1
10" 10° 10’

Figure 3 (Color online) Mean velocity profiles plotted against Y/k,. The
dashed line indicates the logarithmic law-of-the-wall with k' =242 and

the vertical solid line represents the highest crest of the roughness ele-
ments.
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Figure 4 (Color online) Turbulence intensities. The vertical solid line
represents the highest crest of the roughness elements.

using a linear extrapolation of the total shear stress profile
to the smooth channel bed. In this study, the definition of
Singh et al. [18] is used for the convenience of comparison.
However, if Grass’s definition is used the peak values of
Ums/tt, become 2.05 and 2.13 respectively for Singh et al.
[18] and the present simulation thus giving much closer
agreement. Correspondingly, the corrected grid resolution
of the present study becomes 5.4 wall units in all the three
directions. It should also be mentioned that these peak val-
ues are significantly lower than the values of around 2.8 for
turbulent flow over smooth wall. As stated in ref. [31], large
roughness elements destroy the near-wall cycles of coherent
flow and thus result in a reduced near-wall peak. Moreover,
the random arrangement of spheres used in this study fur-
ther contributes to a lower peak value due to the irregular
rough-bed surface having a similar effect to large roughness
elements in destroying near-wall coherent structures.

3.2 Particle saltation statistics

We first calculated the turbulence statistics of the two-phase
flow. y, and k, were determined using the same method de-
scribed above. However, k is uncertain in the two-phase
case due to the changing value of the highest crests of the
spheres. We tried different values of k from zero to 0.5d and
found k = 0.35d could generate the best curve-fitting results,
i.e., yp = 0.754k and k; = 0.834k. The roughness Reynolds
number for the two-phase case is k] =292. The distance

between the effective bed location and the height of the
roughness elements is o/k =0.246 . Table 3 lists these
values together with other mean properties computed based
on the DNS data. For the details of the velocity profiles and
turbulent intensities of the two-phase flow refer to our pre-
vious study [32].

We then further verified the statistical features of particle
saltation. Table 4 shows the comparison between experi-
mental data and our numerical results. The mean non-
dimensional particle saltation length A /D and its standard
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Table 3 Mean flow features obtained from the DNS data for the single-
phase flow

Flow variables Reynolds number

K=k, |v=292

Equivalent roughness, &, =0.834k
Effective channel depth, h=d -y, =2.103k Re, =u,h/v =736
Bulk mean velocity, U, =8.25%, Re, =U,h/v=6079

Mean velocity of the top surface, U, =10.43u, Re! =U_h/v=7676

deviation of our results show good agreement with the ex-
perimental data of Nifio and Garcia [6] (referred to as N&G
hereafter) and Abbott and Francis [4] (referred to as A&F
hereafter) with the transport stages ¢, /7, =®/0_ of all
the three cases slightly above 1.0, where 7, and ©®, are
the critical bed shear stress and Sheilds number for sedi-

ment motion, respectively. It should be noted that the grain
size of the three cases differs significantly (natural sand

particles with D = 0.53 mm and Re;, =10.6 in N&G, el-
lipsoidal pea-gravel with a nominal diameter D = 8.28 mm
and Re; =523 in A&F and spheres with Re, =100 in

our case), which means the non-dimensional saltation length
A, /D 1is insensitive to the particle size. A similar conclu-

sion can be deduced for the non-dimensional particle salta-
tion height A /D although our numerical results are a little

lower than those of the experimental data. The non-dimen-
sional stream-wise velocity of particle saltation wu /u,

shows a clear dependency on grain size. For large particle
sizes, our numerical results agree well with the data of the
gravel transport experiments with D = 3.3 mm and
Re;, =150 of Luque and van Beek [33] and the calculated
value using the regression equation recommended. However,
the stream-wise velocity increases with decreasing grain
size, e.g., u,=4.26 for the case with D = 0.9 mm and
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Re;, =19.9 of Luque and van Beek [33] and u, =5.95

for the case with D = 0.53 mm and Re; =10.6 of N&G.

This could be attributed to the fact that large size particles
need more momentum to reach a high stream-wise velocity.
The rebound (take-off) angle €. and incident angle 6, of
the particle saltation trajectory of the present results are
much higher than those of N&G. This is a result of the
smaller grain size applied in their test. In fact, in the gravel
saltation experiments of Nifio et al. [7], the take-off and
incident angles are 39.0° and 25.1° (obtained by extrapolat-
ing the regression linear line to 7,/7,, =1.0 using Figure
15 of N&G), respectively, which are quite close to our nu-
merical values. The mean dynamic friction coefficient
H, =(+R)r, Auu /A of our numerical results is 0.158
which agrees well with 0.159 of N&G, where R=s -1 is
the submerged particle specific density and Au, is the
non-dimensional stream-wise particle velocity change at
collision. Other validations on the sediment concentration
profile, particle volumetric flux density and sediment
transport rate can be found in our previous study [32]. On
the whole, the statistics obtained from the DNS data shows
excellent agreement with the experimental values and gives
strong evidence of the high accuracy and fidelity of our
numerical results.

4 Dynamic process, statistical features and
mechanisms of particle saltation

4.1 Typical saltation dynamic process of a particle

Figure 5 shows the time evolution of a typical continuous
saltation of a particle which almost moves through the
whole computational domain in the stream-wise direction.
About ten obvious hops were observed in 207 s where

Table 4 Comparison of particle saltation statistics between experimental data and numerical results

Variables Nifio & Garcia [6] Abbott & Francis [4] Luque & van Beek [33] Niflo et al. [7] Present results
D 0.5 mm 8.28 mm 0.9 and 3.3 mm gravel -
Re,, 10.6 523 19.9 and 150 - 100
0, 0.05 0.06 0.05 and 0.06 - 0.06
S, 2.65 2.57 2.64 - 2.65
7,/7,, 1.03 1.08 1.01 and 1.03 - 1.06
A,/D 6.4313.18 593 - - 6.59+2.71
h,/D 1.01+0.32 1.03 - - 0.86+0.24
3.44 (Regression equation)
u,lu, 5.95+1.85 - 3.67 (D = 3.3 mm) - 3.61£1.26
4.26 (D = 0.9 mm)
0.(° 27.0£14.5 - - 39.0 40.5+£24.1
() 13.8+11.4 - - 25.1 25.249.19
Hy 0.159+0.281 - - - 0.158+0.148
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Figure 5 (Color online) Dynamic responses of a particle during typical
continuous particle saltations. X, and Y indicate the stream-wise and verti-
cal coordinates of the particle, respectively, U, and V; represent the stream-
wise and vertical velocities of the particle, respectively, and F, and F) are
the drag and lift forces, respectively. Coordinates, velocities and forces are
non-dimensionalized by particle diatmeter D, bed friction velocity u, and
submerged gravitational force of the particle G. Time is non-dimensionali-
zed by T, = D/u.. The jump in the stream-wise coordinate curve is due to
the periodic boundary conditions in which particles moving out of the right
boundary of the computational domain were artificially placed at the left
boundary. The last saltation is indicated by thicker solid lines in red.

T, =Dl/u, is a microscopic time scale related to the turbu-

lent flow bed shear stress (7, = pu’) and particle diameter,

and is thus suitable for investigation of the details of the
interaction between turbulence and particle motion. As
shown in Figure 5, each saltation begins at a collision iden-
tified by a large negative peak in the vertical hydrodynamic
force (lift force) curve and a large positive peak in the
stream-wise hydrodynamic force (drag force) curve.
Meanwhile, the vertical velocity changes from negative to
positive and the vertical coordinate of the particle becomes
a local minimum.

The vertical velocity decreased linearly between two
successive collisions despite small fluctuations caused by
turbulence coherent structures and the interference from
other passing-by particles. The effects of turbulence coher-
ent structures are less important for the continuous saltation
of large particles than those of smaller ones as in Nifio and
Garcia [5]. Large particles obtain vertical momentum
mainly from their stream-wise momentum at collision,
which can be deduced from the strong correlation between
the abrupt decrease in the stream-wise velocity and the
sudden increase in the vertical velocity. The turbulent
structures only cause small fluctuations in the hydrodynam-
ic force and velocity curves.

To clearly demonstrate the saltation process, a typical
saltation (257.5<1¢/T, <260) (see Figure 6) has been ex-

tracted from Figure 5. Six critical instances in time, indi-
cated by the vertical lines in Figure 6, are selected while
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Figure 6 Particle dynamic responses during a typical saltation. The salta-
tion is selected as the last one in Figure 5. The vertical lines indicate six
critical instances in time.

corresponding particle positions and pressure distribution on
particle surface are presented in Figure 7.

The first instance the authors have chosen is when the
vertical velocity of the particle changes from negative to
positive and corresponds to the beginning of a saltation. At
this time, the particle reaches its lowest position in a salta-
tion and the drag and lift forces reach their positive and
negative peaks respectively. Figure 7(a) clearly shows a low
pressure region under the bottom of the particle and a high
pressure region on the top windward side of the particle.

The second chosen moment in time corresponds to the
instant when the vertical velocity reaches its maximum and
the stream-wise velocity reaches its minimum. This could
be recognized as the end of collision and the beginning of
free-flying of the particle. The velocity difference between
the fluid and the rebounding particle is so large that a sig-
nificant flow separation and the resulting low pressure at the
top leeside of the particle are observed, as shown in Figure
7(b). The small fluctuations in the drag and lift force curves
are caused by vortex shedding in the wake. However, not all
the saltations have these kinds of force fluctuations which
depend upon the particle’s rebounding velocity and the sur-
rounding turbulent flow.

Instance 3 is for the free-flying stage during which only
turbulence structures affect the particle’s hydrodynamic
forces. As shown in Figure 7(c), a low pressure region re-
lated with turbulence structures is passing by the moving
particle. This causes a larger lift force and a smaller drag
force on the particle. Apart from the effect of the turbulence
fluctuations, the lift force is almost constant in the whole
free-flying stage. The mean non-dimensional lift force is
about 0.6 in our case, which means that the lift force is
much smaller than the submerged weight.

Instance 4 is characterised with the largest negative ver-
tical velocity and can be considered as the end of free-flying
and the beginning of the collision. As regards the decreasing
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Figure 7 Pressure contours on particle surface during a typical saltation. Time of the sequence corresponds to the six critical instances in Figure 6.

drag force and increasing lift force at this moment, the rea-
son could be that the landing particles are likely to hit the
upstream side of the bed particles (as discussed in Section
4.2) and the resulting high pressure in the gaps, as shown in
Figure 7(d), generates a negative drag force and a positive
lift force.

Instance 5 corresponds to the small negative and positive
peaks in the drag and lift force curves, respectively. The
pressure distribution at this moment is similar to that of in-
stance 4 except that a slightly high pressure is observed on
the top particle surface, as shown in Figure 7(e), due to the
deceleration of the particle in the stream-wise direction.

Instance 6 is the beginning of the subsequent saltation
and the pressure distribution, as shown in Figure 7(f), is
similar to that of instance 1.

The continuous saltation observed in this study supports
the conclusions of N&G in that collision-rebounding is pos-
sible but disagrees with the statements of Gordon et al. [34]
and A&F denying such a possibility. Gordon et al. [34]
found in their ‘one-dimensional’ particle saltation experi-
ments that a moving particle generally did not bounce off a
stationary one on the rough bed, but rolled over it for some
distance. A&F stated: clear rebounding, without rolling, is
rare, and that most take-off velocities at the start of a tra-
jectory are uninfluenced by the previous impact. These are
contrary to our findings and the discrepancy could be due to
the different particle densities used in these studies. In the
experiments of A&F, various particle-fluid density ratios
from 1.2 to 2.6 have been tried. Gordon et al. [34] investi-
gated plastic particles with a density ratio of 1.3. However,
in our study and the study of N&G, the density ratio is 2.65.
Smaller densities lead to smaller particle inertias which
causes the particles to be less able to overcome the hydro-

dynamic resistance (mainly due to the lubrication effects of
the thin interstitial fluid film when two particles collide) and
thus tend to slide and roll. The side-wall effects of the
‘one-dimensional’ experiments (Gordon et al. [34]) carried
out in a flume with two side walls placed only about one
particle diameter from each other for easy observation could
be another possible reason for the resulting significant fluid
damping.

4.2 Statistical features of particle saltation

As stated in Section 4.1, the beginning and end of a salta-
tion are defined as instances 1 and 6 when the vertical ve-
locity increases from negative to positive. A saltation is
further divided into two stages, i.e. the free-flying stage
(instance 2 to instance 4) and the collision stage (instance 4
to instance 2 of the subsequent saltation), as shown in Fig-
ure 6. In a time period of 607, after the sediment transport
and the turbulent flow are statistically stable, a total of 7312
significant particle hops were observed and various statisti-
cal features were calculated based on these samples. How-
ever, to discriminate the particle saltation from the particle
fluctuation near a balanced position, a criterion was applied
that the vertical component of the contact force of the col-
liding particles at the beginning of a saltation should be
larger than 1.5 times of its submerged weight. To verify that
our selection of the criteria was not arbitrary, different val-
ues of the criteria, from 1.2 to 3.0 times of the submerged
weight, were investigated and little difference of the statis-
tical features was observed.

To facilitate the discussions below, an illustration of par-
ticle saltation, together with the definitions of characteristic
parameters, is shown in Figure 8.
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Figure 9 shows a semi-logarithmic plot of the PDF of the
non-dimensional time-span of the free-flying and collision
stages. In order to present the probability distribution of the
time-span, the non-dimensional time #/T, (x-axis) is divided
into a series of bins, each one with a size of 0.08. The PDF
is then calculated as the frequency of the free-flying and
collision time-spans that fit into one of the bins - the sum of
the probability over all the bins is unity. The mean normal-
ized time-span of the free-flying stage is 7,/T, ~1.4

which is larger than the one with the largest probability
(¢,/T, ~1.04) and the PDF is therefore positively skewed.

Similar results can be observed for the collision time-span
with the two values of 7,/T, ~0.4 and /T, ~0.3. The

time-span of the whole saltation is calculated as
t/T, =(t,+t)/T,~1.8 . It should be noted that the

time-span for the physical collision of particles is smaller
than the collision time-span defined above, because the col-
lision time-span defined in this paper also includes the time
for a landing particle approaching the rough bed before
physical contact occurs and the time for vortex separation
which further increases the vertical velocity (see instance 2
in Figure 6). However, as we are only concerned about the
averaged collision features instead of the very short-time
physical collision itself, this definition of the collision time-
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Figure 9 (Color online) The probability density function (PDF) of the
time-span of the free-flying and collision stages. The bin size is 0.08.
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span is reasonable.
Figure 10 shows the PDFs of the non-dimensional salta-
tion velocity u_/u_, incident velocity u,/u_ and rebound

velocity u, /u, . The incident velocity u, and the rebound
velocity u, are defined as the particle velocity magnitude

at instances 2 and 4 (see Figure 6), respectively, while the
saltation velocity u, is calculated as the particle saltation

length A divided by the saltation time-span ¢ . Clearly,

all the three PDFs are positively skewed which means the
particles are more likely to have a larger velocity than hav-
ing a smaller one, with respect to their mean values of
ulu, 425, u /u =292 and u /u, ~3.61 . When

u/u, >4 (ucanbeanyof u,, u and u,),itis observed

that u, >u, >u, at any specific probability level, i.e. at
any specific velocity, p(u;)> p(u,)> p(u,). The reason
can be attributed to the fact that after rebounding from the
rough bed, saltating particles are accelerated by the turbu-
lent flow during the free-flying stage, and thus reach a
higher velocity when they land again. However, for a salta-
tion with a low velocity of u/u, <2, the saltation velocity

uy is consistently smaller than the other two counterparts. To
explain this result, it is worth mentioning again that u; and
u, are the magnitudes of the landing and rebounding veloci-
ty vectors while u is the mean value of the stream-wise
velocity component during a saltation. A fast-moving parti-
cle predominantly moves in the stream-wise direction and
the resultant particle velocity is approximately equal to the
saltation velocity. While, for a slow-moving particle, the
vertical component of the resultant velocity is comparable
to the stream-wise one and thus cannot be neglected. How-
ever, in the definition of the saltation velocity, the vertical
component is not considered which leads to a smaller u;
when w/u <2.

Figure 11 shows the PDFs of the incident angle &, re-
bound angle 6, and collision angle &.. The PDFs of &
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Figure 10 (Color online) The probability density function (PDF) of the
incident, rebound and saltation velocities. The bin size is 0.3.
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Figure 11 (Color online) The probability density function (PDF) of the
incident, rebound and collision angles. The bin size is 5°.

and 6, are positively skewed while the PDF of 6, is ap-
proximately symmetric. The mean values and standard de-
viations of the incident and rebound angles are listed in Ta-
ble 4. A larger value of the standard deviation of the re-
bound angle means that it is more scattered than the incident
angle. This can be attributed to the fact that the rebound
angle is closely related to the collision angle between the
saltating particles and the randomly packed bed particles,
while the incident angle is mainly influenced by the turbu-
lent flow and thus more concentrated. The collision angle
shows a Gaussian distribution despite small fluctuations
near the lower end due to insufficient sampling there. It is
also found that the cumulative probability for 6. < 90° is
much smaller than that for §.> 90° which means the landing
particles are more likely to hit the upstream side of the bed
particles.

To investigate the influence of incident angle, the rela-
tionships between 6, (6. and u,,/u,) and 6; are presented in
Figure 12, where u,, /u, is the vertical component of the
non-dimensional rebound velocity. Mean values of 6,, 6,
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Figure 12 The dependency of the rebound angle 6, the collision angle 6.
and the normalized vertical rebound velocity u,,/u, on the incident angle 6.
Plotted values represent the means of 6, . and u,,/u, in a series of & -bins
with a size of 5°.
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and u,, /u, are plotted with their corresponding &, falling into
a series of bins. It can be observed that 6, increases linearly
with increasing €, while 6. shows a rather insignificant de-
pendency on 6. The normalized vertical rebound velocity
peaks at 6.= 22.5° which coincides with the incident angle
of the largest probability. The fluctuations at & > 50° are
obviously caused by insufficient sampling as shown in Fig-
ure 11.

To further investigate the effects of local rough-bed
packing on particle saltation, we calculated and plotted the
mean value of u,,/u, for each collision angle (see Figure 13).
Clearly, the vertical velocity of rebounding particles hitting
the windward side of bed particles is larger than the one of
rebounding particles hitting the leeside. Furthermore, we
averaged the vertical velocities for all windward-side and
leeside bins respectively and found that the normalized
mean vertical velocity of the rebounding particles hitting the
windward side is 1.29 and the normalized mean vertical
velocity of the rebounding particles hitting the leeside is
0.77. This result shows that the saltating particles hitting the
windward side of bed particles are more likely to rebound
from the rough bed than those hitting the leeside.

4.3 Mechanisms of particle saltation

The mechanisms for the entrainment from rest and the sub-
sequent continuous saltation of large grain-size particles are
different. As shown in Ji et al. [32] and Dwivedi et al. [35],
turbulence coherent structures, especially sweep structures,
play a significant role in the incipience of sediment en-
trainment. Large particles are expelled off the rough bed by
the pressure gradient generated by turbulence structures.
However, for the subsequent continuous saltation in this
study, the collision parameters, such as incident angle, local
rough bed packing arrangement and particle density, etc.,
are crucial. The generated contact force can be one order of
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Figure 13 The relationships between the collision angle €. and the nor-
malized vertical rebound velocity u,, /u.. Plotted values represent the means
of u, /u, in a series of 6.-bins with a size of 5°. The vertical solid line
divides the plane into leeside and windward side.
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Figure 14 Schematic diagram of the saltation mechanisms of large grain-size particles.

magnitude larger than the hydrodynamic force caused by
the turbulence structures as shown in Figures 5 and 6.
However, this does not mean that the influence of turbu-
lence structures is negligible. Turbulence structures modify
the hydrodynamic forces on particles during the free-flying
stage and thus affect saltation height and length.

As stated above, the gain in the upward momentum of a
saltating particle is obtained from the loss of its stream-wise
momentum at collision. So if there is not a significant colli-
sion between the particle and the rough bed, i.e., for exam-
ple, if the particle hits the top leeside of a rough bed particle,
the particle cannot obtain enough upward momentum to
rebound from the rough bed (as shown in Figure 12) and
tends to slide on or roll over the bed particles. Because the
particle cannot obtain enough stream-wise momentum due
to the lower flow velocity in the vicinity of the bed and the
sheltering effects of the upstream bed particles, it will fi-
nally settle down. This dynamic process is shown in Figure
14. This particle will keep stationary until it is entrained by
a strong passing-by turbulence structure.

5 Conclusions

In this study, the particle saltation in turbulent channel flow
has been numerically investigated. The methodology adopt-
ed is a combination of the direct numerical simulation (DNS)
of the turbulent flow, the combined finite-discrete element
method (FDEM) for the particle dynamics, and the immersed
boundary method (IBM) for the fluid-solid interactions. The
statistical features of turbulent flow over a fixed rough bed
show good agreement with published experimental data and
numerical results. Various particle saltation statistics were
investigated and excellent agreement with experimental data
has been achieved. Following statistical validation of the
turbulent flow and particle transport, a complete dynamical
process of continuous particle saltation, together with sur-
rounding turbulent flow, has been presented for the first time.
The strong correlation between the abrupt changes in parti-
cle stream-wise and vertical velocity indicates that the par-
ticle’s upward momentum is transferred from the stream-
wise momentum by particle-bed collisions. This clearly
shows a different physical process compared with that of
particle entrainment from rest in which a particle’s upward
momentum is obtained from turbulent coherent structures.

The probability distribution function of several important par-
ticle saltation parameters and the relationships between them
have been investigated. The vertical rebound (lift-off) velocity
was evaluated as a function of the collision angle and the re-
sults show that saltating particles hitting the windward side
of the bed particles are more likely to bounce off the rough
bed than those hitting the leeside. Finally, the saltation
mechanisms of large grain-size particles in turbulent channel
flow have been presented.

With the use of state-of-the-art techniques of computational
fluid dynamics and computational mechanics of discontinua,
this numerical study has shed new light on the complicated
saltation motion near the rough-bed surface in turbulent chan-
nel flow, and will be helpful to enhancing the formulation of
theoretical models.
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