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Response of Bedload and Bedforms to
Near-Bed Flow Structures
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Abstract: In this study, the large eddy simulation (LES) under the Eulerian method is used to solve the Navier-Stokes equations for turbulent
flow simulation. The Lagrangian point-particle model is applied to track particle trajectories and to calculate the forces exerted by the flow on
the particles, and the particle-wall and particle—particle collisions are also accounted for. Nine simulations cases were carried out along the
line of previous experiments that considered different bedform regimes, namely, ripples and dunes. The resulting bedload intensity parameter
and the simulated bedforms for all the cases agree with the results obtained from the existing classical formulas. The three-dimensionality of
sediment transport randomly occurs due to the turbulent flow. Coherent structures are formed as the near-bed low-speed fluid streaks entrain
into the mainstream over the stoss-side of the ripples, and the high-speed fluid streaks from the mainstream rush toward the bed over the
leeside. As a result, kolk—boil and hairpin vortices develop nearby. Ejection and sweep prevail near the bed, where the particles transport. The
phenomenon disappears as the flow intensity increases. The presence of bedload particles also modifies the propagation angle and range of
velocity fluctuation, especially in the streamwise direction. To conclude, a logistic regression formula for bedload intensity parameters,
accounting for the fluid rotation, deformation, and translation terms that signify the fluid vortical motions, is obtained. It reveals that as long
as these three terms are accurately quantified, the bed shear stress and bedload transport rate can be effectively estimated. DOI: 10.1061/
JHEND8.HYENG-13618. This work is made available under the terms of the Creative Commons Attribution 4.0 International license,
https://creativecommons.org/licenses/by/4.0/.
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Introduction

Bedload transport is one of the principal modes of sediment trans-
port, along with suspended-load transport. It is especially signifi-
cant in mountainous rivers having a gravel bed, where the dominant
mode of sediment transport is the bedload. The bedload transport
is governed by hydrodynamic action, contributing to the formation
of riverbed morphology. Hence, it can, in turn, modify the flow
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characteristics. The bedload also influences pollutant and material
transport (Huang et al. 2015; Fang et al. 2017) and the habitat of
aquatic organisms (Pitlick and Van Steeter 1998; Bui et al. 2019).
Therefore, it is of great scientific and engineering significance to
study the mechanism of bedload transport precisely.

In the past, several researchers focused on the flow—sediment
interaction, with the intention to provide an accurate bedload model
for the prediction of bedload transport rate. Some of the previous
bedload formulas are based on a saltation concept as the product of
the saltating particle velocity, saltation height, and volumetric par-
ticle concentration, to obtain the bedload transport rate (van Rijn
1984). The saltating particle velocity can be derived from the near-
bed flow velocity, making the bedload transport rate a function of
the near-bed instantaneous flow velocity, which in fact remains spa-
tially heterogeneous. Other types of empirical formulas are based
on the excess bed shear stress concept, called the du Boys equa-
tion (Dey 2014). The excess bed shear stress is defined as the differ-
ence between the bed shear stress 7 induced by the flow and the
threshold bed shear stress 7, for the initiation of sediment particle
motion. One of the celebrated formulas of bedload transport rate is
known as the Meyer-Peter and Miiller (1948) formula. In addition,
Diplas et al. (2008) studied the conditions for sediment incipient
motion and found that it is decided by the impulse. Wilcock (1998)
studied the initial sediment motion of nonuniform sediment.

With the development of experimental techniques and numeri-
cal simulations, researchers have been motivated to study the bed-
form development for the prediction of dune dimensions, which are
important for forecasting riverbed dynamics. Tjerry and Fredsge
(2005) theoretically studied the geometry of dunes by using a k-¢
turbulence closure scheme. The results revealed that, at a low bed
shear stress, the streamline curvature plays a key role in determining
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the location of maximum sediment transport due to an overshoot in
bed shear stress. On the other hand, at a high bed shear stress, the
downstream decay of turbulence from the former dune plays a major
role. Khosronejad and Sotiropoulos (2014) developed a coupled
hydro-morphodynamic model for carrying out large-eddy simula-
tion of a stratified, turbulent flow over a sediment bed, based on
the curvilinear immersed boundary approach to simulate bedform
initiation, growth, and evolution. More detailed flow—sediment in-
teraction has been unveiled by Bui and Rutschmann (2010), Pu and
Lim (2014), and Pu et al. (2014). Notably, the identification of tur-
bulent bursting phenomena in a wall-bound flow (Kline et al. 1967)
has created a new ground to explore the sediment transport problem.
A large number of studies have shown that turbulent coherent struc-
tures play a crucial role in transporting sediment particles (Jackson
1976; Heathershaw and Thorne 1985; Kaftori et al. 1995; Cao 1997,
Bagherimiyab and Lemmin 2012). Among the bursting events, ejec-
tion and sweep are recognized to be the main events contributing to
sediment transport, because they deliver a positive contribution to
the Reynolds shear stress. However, quite a few studies have re-
vealed that the Reynolds shear stress is not the most pertinent factor
to oversee the bedload transport, which is associated with instanta-
neous streamwise velocity (Clifford et al. 1991; Papanicolaou et al.
2001, 2002; Schmeeckle and Nelson 2003). Specifically, it has been
recognized that the transport of sediment particles is mainly con-
trolled by the ejection events formed in the near-bed flow zone in
the form of an arrival of low-speed fluid streaks (Drake et al. 1988;
Dey et al. 2011, 2012). Bradley and Venditti (2017) compiled a lit-
erature review to examine our current understanding of the controls
on dune dimensions in rivers via a meta-analysis of dune scaling
relations.

Despite a number of serious attempts, the role of the near-bed
flow structures on the bedload transport and bedforms has yet to be
ascertained. This study, therefore, reveals how the bedload transport
and the bedforms are influenced by the near-bed flow structures. In
addition, the bedload transport rate is effectively quantified in terms
of the fluid rotation, deformation, and translation terms. The turbu-
lent flow is simulated in an infinite rectangular open channel and a
large number of sediment particles are assumed to be spherical, im-
plying that the effect of nonsphericity is neglected.

Numerical Framework

In this study, the large eddy simulation (LES), an in-house Hydro3D
code, was used to simulate the turbulent flow in an open channel,
which has been verified by previous researchers to be applicable to
solve many complex flow phenomena (Bai et al. 2013; Liu et al.
2017; Nikora et al. 2019; Zhao et al. 2020).

The continuity and the Navier-Stokes (NS) equations for incom-
pressible fluid flow were used as the governing equations. A force
term was added to the momentum equation (NS), representing the
feedback force exerted by the particles on the fluid. These equa-
tions read
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where u;[=(u, v, w) for i = (1,2, 3)] are the velocity components in
the i-direction; x;[= (x,y, z)for i = (1,2,3)] are the coordinates;
p = instantaneous pressure; p = fluid mass density; v = fluid kin-
ematic viscosity; and f, ; = total force per unit volume exerted by the
particles on the fluid in the i-direction. The Cartesian coordinates,
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X, y, and z, are the streamwise (horizontal), spanwise, and vertical
distances, respectively. In addition, S;; is the strain-rate tensor, given
by (Qu;/0x; 4 Ou;/0x;)/2; T;; is the subgrid stress (SGS) tensor,
given by 2v,S;;; and v, is the SGS viscosity. The wall-adapted local
eddy viscosity (WALE) model was used to compute the SGS vis-
cosity v; (Nicoud and Ducros 1999). A fourth-order central differ-
ence scheme (CDS) was applied to approximate the convective and
diffusive velocity terms, and the fractional step method, called the
explicit three-step Runge-Kutta scheme, was used for the time ad-
vancement (Cevheri et al. 2016).

The Lagrangian point-particle model (Balachandar 2009; Liu
et al. 2019) was applied to compute the trajectories of the sediment
particles. The governing equations, which can simulate the trans-
lational and rotational motions of particles during saltation, are
Newton’s second law and the Euler equations. The equation for
translational motion obtained from Newton’s second law is

dl/tp‘l' B

= F,, ()

m
P dr pt

where m, = (p; + C,,p)md3 /6 represents the total mass of the
particle, including an added mass with an added mass coefficient
C,, = 0.5 (van Rijn 1984); p, = particle mass density; d,, = nominal
particle diameter; u,, ; = particle velocity in the i-direction; and "), ; =
total force acting on the particle in the i-direction, including the
particle submerged weight, hydrodynamic drag force, hydrodynamic
lift force, bed friction force, and Basset force. The detailed method
was reported in Zhao et al. (2022) in the section “Lagrangian Model
of Particle Saltation.”

The equation for rotational motion obtained from the Euler
equation is

dw, ;
i
P4y :Np,i (4)
where w,; = particle angular velocity about the i-axis; I, =

m I,JIZ, /10 represents the moment of inertia of the particle; 7 = time;
and N, ; = torque about the i-axis.

Particle-wall and particle—particle collisions were also intro-
duced in the model with a friction coefficient of 0.89. The detailed
method was reported in Zhao (2021).

Numerical Setup and Boundary Conditions

The simulations were carried out in the Sunway TaihuLight super-
computer at Tsinghua University, Beijing, China. Cases with a thin
layer of bedload were simulated in a rectangular open channel with
a size of 0.24 x 0.12 m? (length x width) using 72 processors, as
shown in Fig. 1. A uniform grid with a size of 0.8 x 0.8 x 0.8 mm?
was used. The flow conditions in experiment S12 of Nifio and
Garcia (1998) were first used in Case TO, as the saltation model
established by Zhao et al. (2020). Then, the other eight simulations
for Cases T1-T8 were carried out in a series considering some
experiments, which focused on the bed patterns as in Robert and
Uhlman (2001) and Schindler and Robert (2005). All the related
parameters of each case are outlined in Table 1. The flow depth
h varied from 0.0352 to 0.264 m and mean flow velocity u, from
0.318 to 0.96 ms~!. The corresponding flow Reynolds numbers
Re (= ugh/v, where u is the area-averaged flow velocity) were
in the range of 11,201 to 253,440, and the flow Froude numbers
Fr [= uy/(gh)®3, where g is the gravitational acceleration] were
between 0.36 and 0.6. Approximately 30,000 mobile particles,
having d, = 0.5 mm (uniform) and p, = 2,650 kg m™3, were laid
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Fig. 1. Sketch of the computation domain.

Table 1. Fluid parameters for Cases TO-T8

Flow depth, h Area-averaged flow Flow Reynolds Flow Froude Shields Suspension
Case (m) velocity, uy (ms™!) number, Re number, Fr parameter, © number, w,/u,
TO 0.0352 0.318 11,201 0.54 0.0479 4.6443
T1 0.0840 0.323 27,132 0.36 0.0407 5.0396
T2 0.1168 0.440 51,392 0.41 0.0553 4.3219
T3 0.1400 0.522 73,080 0.45 0.0752 3.7039
T4 0.1136 0.558 63,389 0.53 0.0917 3.3513
T5 0.1696 0.591 100,234 0.46 0.0911 3.3625
T6 0.1736 0.649 112,666 0.50 0.1007 3.1978
T7 0.2336 0.850 198,560 0.56 0.1715 2.4463
T8 0.2640 0.960 253,440 0.60 0.2020 2.2524

as a thin layer on the bed with a zero-velocity at the beginning.
Hence, the Shields parameters O, given by u? /gR'd »» were in the
range of 0.0407 to 0.2020, and the suspension numbers w,/u,,
which reflect the contrast between gravity and turbulent diffusion,
were between 2.2524 and 5.0396. The settling velocity w, was
calculated from the formula of Zhang (1961). Dividing with the
von Karman constant 0.4, all suspension indices were larger than 5,
which means the sediment particles will move as bedload in all the
flow conditions.

In order to avoid interference from the side boundaries, periodic
boundary conditions were applied to both the streamwise and span-
wise directions for the flow and the bed particles, to widen the
domain to an infinite open-channel flow. A no-slip condition was
applied to the channel bed. As the flow Froude numbers of the si-
mulated flows were less than that of critical flow (F'r = 1), the free
surface was not considered and a rigid lid with the free-slip con-
dition was adopted as the top boundary condition.

Table 2. Grid resolution summary

A variable simulation time step was used, based on the maxi-
mum Courant-Friedrichs-Lewy (CFL) number as 0.35. As the
flow through (FT) time was calculated as the ratio of domain length
to mean flow velocity, all the simulations were initially executed for
18 FTs with a fixed bed to establish a fully developed turbulent
flow. Then, they were simulated for another 65 FTs with the mobile
particles.

Grid Resolution and Validation

Grid Resolution

In order to verify the proper grid size, the shear velocity u, and
the dimensionless grid spacings Ax™, Ay™*, and Az™ of each case
were calculated (Table 2). Among them, u, is the product of time-
averaged pressure gradient dp/dx and hydraulic radius R; and

Dimensionless Friction
time-averaged Simulated shear Reynolds Grid spacing, Dimensionless Number of
pressure gradient velocity, u, number, Ax, Ay, Az grid spacing, computational
Case (dp/dx)[h/(pu3)] (ms~1) Re, = u,h/v (mm) Axt, Ayt Azt cells, n,, ny, n,
TO 0.01087 0.01968 692.7 0.8,0.8, 0.8 15.7, 157,79 300, 150, 44
T1 0.00375 0.01814 1,523.6 0.8,0.8, 0.8 14.5, 145,73 300, 150, 105
T2 0.00198 0.02114 2,469.6 0.8,0.8, 0.8 16.9, 16.9, 8.5 300, 150, 146
T3 0.00159 0.02465 34514 0.8,0.8, 0.8 19.7, 19.7, 9.9 300, 150, 175
T4 0.00210 0.02723 3,093.6 0.8,0.8, 0.8 21.8, 21.8, 10.9 300, 150, 142
T5 0.00124 0.02714 4,602.6 0.8,0.8, 0.8 21.7, 21.7, 10.9 300, 150, 212
T6 0.00111 0.02853 4,953.3 0.8,0.8, 0.8 228,228,114 300, 150, 217
T7 0.00082 0.03723 8,697.5 0.8,0.8, 0.8 29.8, 29.8, 14.9 300, 150, 292
T8 0.00067 0.04041 10,669.0 0.8, 0.8, 0.8 32.3,32.3, 16.2 300, 150, 330
© ASCE 04023060-3 J. Hydraul. Eng.
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Fig. 2. Dimensionless double-averaged streamwise velocity
(#)*(=(u)/u,) as a function of dimensionless vertical distance
7 (= zu,/v) for Cases T1-T8 and the velocity profile of a hydrauli-
cally smooth flow, after Stoesser (2010).

Axt, Ay", and Az" are expressed as (Ax, Ay, Az/2) X (u,/v),
respectively. Here, Ax, Ay, and Az are the grid spacings in the
x-, y-, and z-directions, respectively. The friction Reynolds number
Re, is defined as u,h/v. In Table 2, as Ax™ and Ay™ range from
14.5 t0 32.3, and Az™ ranges from 7.3 to 16.2, the grid spacing size
was adequate to resolve the large-scale turbulence for the LES
model (Rodi et al. 2013).

Validation

To validate the flow characteristics over the entire domain for Cases
T1-T8, the double averaging methodology was applied (Dey 2014).
The variations of the dimensionless double-averaged streamwise
velocity (i)™ (=(@)/u,) with the dimensionless vertical distance
7" (=zu,/v) for Cases T1-T8 are presented in Fig. 2. Here, i is the
time-averaged streamwise velocity at a vertical distance z, and (i)
is the spatially-averaged # over the fluid surface (domain) at a ver-
tical distance z. As compared to the velocity profile of a hydrauli-
cally smooth flow (Stoesser 2010), a clear downshift is evident for
all eight cases. This is attributed to an increase in roughness due to
the bedforms with bedload transport. The downshift results are in
agreement with previous simulations and experimental observa-
tions (Nikora 2005; Rahman and Webster 2005).

By definition, the logarithmic law of the wall is (Schlichting
1968)

_ 1,30z 1, 30z% 1 1. 30
(u)*:;lnk—:Eln k+ :Elnz++glnk—+ (5)
s s s
AB

where x = the von Kdrmén constant; k; = the roughness height; and
ki = the roughness Reynolds number, given by kyu, /v. The results
of roughness parameters and flow characteristics for Cases T1-T8,
derived from Eq. (5), are summarized in Table 3. The values of «
and AB were first determined by fitting the data. Then, the k; was
derived from 30/ exp(xAB). In Table 3, the values of ki increase
from 10 to 34, indicating the flow to be hydraulically transitional
for all eight cases. Furthermore, the values of the roughness height
kg range from 0.54 to 0.97 mm, which are about one to two times
the bedload particle size. This suggests that the bedforms are
three-dimensional, producing a larger roughness height where
the bedload particles accumulate. On the other hand, a smaller
roughness height implies that the bed surface is exposed. As a thin
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Table 3. Roughness parameters and flow characteristics for Cases T1-T8

Roughness
LES shear von Translation ~ Reynolds  Roughness
velocity, u, Karman distance, number, height, kg
Case (ms~!)  constant, k AB k¥ = u.ky/v (mm)
T1 0.01814 0.400 2.800 10 0.54
T2 0.02114 0.400 1.900 14 0.66
T3 0.02465 0.370 1.358 18 0.74
T4 0.02723 0.360 1.358 18 0.68
T5 0.02714 0.360 0.350 26 0.97
T6 0.02853 0.360 0.250 27 0.96
T7 0.03723 0.345 0.250 28 0.74
T8 0.04041 0.345 —-0.350 34 0.84
| A T1
] T2
10°
] 09&_3_2 < > 12
""" AR ] T7
* T8

<

1 >
10 4
1 o Gilbert (1914) b
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e Formula (Einstein 1950)
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Fig. 3. Bedload intensity parameter ® versus flow intensity parameter
1/© for Cases T1-T8, together with the curves obtained from the clas-
sical formulas and the experimental data of various researchers.

layer of spherical bedload particles over the bed was initially set,
the roughness height was relatively small after averaging the
surface perturbations over the bed. (The characteristics of three-
dimensional bedload transport are investigated further in the next
section.) In addition, the values of x decrease due to the gradient of
the velocity profiles becoming progressively steeper in the se-
quence of Cases T1-T8.

In addition, in order to validate the bedload transport rate from
an integral perspective, the spatially-averaged bedload intensity
parameter ¢ was calculated and analyzed within the simulation
domain during the final 1,000 time steps (0.2 s) for Cases T1-T8.
The expression is

qp  _ upnyV, (6)
(R'gd3)*>  (R'gdy)*

where u,, = the streamwise particle velocity; n,, = the number of par-
ticles in motion per unit area; V,, = the volume of the particles; and
R’ = the submerged relative density of particles, given by (p,—p)/p.

In Fig. 3, the bedload intensity parameter ® versus the flow in-
tensity parameter 1/© are shown. From Cases T1 to T8, the bed-
load intensity parameter ® exhibits an increasing trend, as the flow
intensity parameter 1/0 decreases. This suggests that the bedload
transport capacity declines with the flow intensity parameter 1/0.
A comparison with the previous studies shows that the simulated
bedload intensity parameter ¢ attains a good correlation. This con-
firms that the present model can adequately account for the driving
mechanism in the simulation of bedload transport.
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Fig. 4. Bedform regime diagrams for Cases T1-T8: (a) based on the results of Chabert and Chauvin (1963); and (b) based on the results of Hill et al.

(1971).

The last aspect to validate was the bed patterns for all eight sim-
ulations (Cases T1-T8). Their bedform regime diagrams, based on
the results of Chabert and Chauvin (1963) and Hill et al. (1971), are
plotted in Figs. 4(a and b), respectively. Chabert and Chauvin’s
diagram, involving Shields parameter © versus particle Reynolds
number u,d, /v plots, and Hill et al.’s diagram, involving gd; /v?
versus u.d, /v plots, show a good agreement for Cases T1-T3 and
T4-T8 (correspond to ripples and dunes, respectively) with the ex-
perimental results (Robert and Uhlman 2001; Schindler and Robert
2005). This corroborates that the present simulation results, espe-
cially for the integral flow statistics, are quite acceptable.

Next, the simulated bedform dimensions, heights A and lengths
A of dunes and ripples, for Cases T1-T8 were plotted and compared
with the estimated bedform dimensions obtained from the formu-
las of various researchers (Mantz 1992; Baas 1993; Soulsby and
Whitehouse 2005), as shown in Figs. 5(a and b). This shows that
the simulated results of the heights A and lengths \ of the ripples
and dunes are consistent with those obtained from the formulas. Fur-
thermore, as the bedload particles are uniform, the roughness height
k, along the x-direction can be considered to be the sum of the par-
ticle median size d/, and the difference between bed and lowest point
elevations. Simulated bed roughness k; for Cases T1-T8 versus
estimated bed roughness obtained from the formulas of van Rijn
(1982) and Bartholdy et al. (2010) are represented in Fig. 5(c). The
simulated results are in good agreement with those obtained from
the formulas, corroborating the efficacy of the model simulation.

Result and Discussions

Three-Dimensional Bedload Transport and Bedforms

Fig. 6 presents a snapshot of the simulated bedforms for Case TO,
including the contours of the dimensionless instantaneous flow ve-
locity u/u, on the axis of symmetry of the computational domain.
A regular undulant bed formation is evident from the simulation.

In order to recognize the process of three-dimensional bedload
transport, the bed elevation fluctuations were recorded at nine sam-
ple points during a selected time period (1,000 iterations at the end
of the simulations) for Case T1. Figs. 7(a—c) show the variations
of the dimensionless bed elevation z/h with the dimensionless time
th/u, on the upstream of the domain (S1-S3) at x = 0.06 m, the
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middle stream (S4-S6) at x = 0.12 m, and the downstream (S7-S9)
at x =0.18 m for the spanwise distances y = 0.10, 0.15, and
0.20 m at each section. They reveal that the bed elevation propagates
from the upstream to the downstream with time and also in the span-
wise direction. For instance, a comparison of the variations of bed
elevations, when th/u, is less than 173.6 in Fig. 7(a) with those
when th/u, is from 173.6 to 174.0 in Fig. 7(b), shows that, although
the bedload particles transport downstream, the bed elevations prop-
agate from S1-S3 to S4-S6. The peak of S4 is smaller than that of
S1, while the peaks of S2 and S3 are greater than those of S5 and S6,
respectively. This phenomenon can be explained from the perspec-
tive of three-dimensional sediment transport because some bedload
particles from S1 are transported to the spanwise direction and
downwards to S5 and S6. The movement of the particles is affected
by the turbulent flow and, as a result, the particles are transported
randomly.

Response of Flow Characteristics to Bedload
Transport

The point is to stress that the three-dimensional bed structure can
affect the near-bed flow characteristics. In Figs. 8(a and b), the con-
tours of the dimensionless streamwise velocity fluctuations u’/u,
are shown on the yz-planes at sections x = 0.06, 0.12, and 0.18 m
including the xy-planes at two dimensionless elevations, z/h = 0
and 0.4, for Case T1. The turbulent coherent structures are clearly
apparent as alternative high- and low-speed fluid streaks, which ap-
pear almost at a regular spanwise spacing on a xy-plane at z/h = 0.
This demonstrates the near-bed bursting events, which are quasi-
periodic processes combining the ejection and sweep events. The
ejection involves the arrival of near-bed low-speed fluid streaks to
entrain into the mainstream domain, while the sweep is character-
ized by the arrival of high-speed fluid streaks from the mainstream
to rush toward the bed (Dey 2014). However, as the elevation of the
plane increases to z/h = 0.4, the fluid streaks gradually merge to-
gether and the spanwise spacing becomes wider. Over and above,
these coherent structures are interrupted by the bed undulations. To
be specific, at the stoss-side (upstream) of the ripples, the stream-
wise velocity fluctuation u’/u, is negative (u’'/u, <0), which
indicates that the near-bed low-speed fluid streaks dominate and
entrain into the mainstream domain; while at the leeside (down-
stream) of the ripples, streamwise velocity fluctuation u’/u, is
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Fig. 5. Simulated bedform dimensions for Cases T1-T8 versus
estimated bedform dimensions obtained from the formulas of various
researchers: (a) heights A of dunes and ripples; (b) lengths A of dunes
and ripples; and (c) bed roughness k.

positive (u’/u, > 0), which implies that the mainstream high-speed
fluid streaks dominate and rush down to the bed.

In order to further explore the response of the flow characteristics
to the bedload transport, the flow domain on a xz-plane, where the
bedload particles accumulate, is the main focus here. Cases T1 and
T6, which involve relatively low and high flow intensities, respec-
tively, were selected to analyze. The representative planes are lo-
cated at y = 0.216 and 1.152 m for Cases T1 and T6, respectively.
In Figs. 9(a—f), premultiplied spectra of the streamwise, spanwise,
and vertical velocity fluctuations, k.S, k.S, 7/, and k.S, ./,
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respectively, as a function of dimensionless wavelength A, /% at dif-
ferent dimensionless elevations, z/h = 0.1, 0.2, and 0.4, for Cases
T1 and T6, are compared. Here, k, is the wavenumber, which can be
derived from the frequency f as k, = 27 f/(i); and ), is the wave-
length, which can be calculated as A\, = (&1)/f.

The premultiplied spectrum is a tool to clearly show the distri-
bution of the energy in logarithmic coordinates. A fast Fourier trans-
form is used to calculate the spectrum, the instantaneous spectrum
for each instantaneous profile of velocity fluctuations is calculated,
and then the averaging is done for all the spectra at each wavenum-
ber k, in order to decrease the confidence interval pertaining to each
spectral estimate. Figs. 9(a and b), which correspond to the stream-
wise velocity, show that large-scale coherent structures are gener-
ated, and that coherent structures with lengths lying within 0.2-0.8 h
(between broken lines) for Case T1 are more prevalent. When the
elevation z/h is larger, the small-scale region is transformed into the
large-scale region and the dimensionless wavelength ),/ increases.
This is similar to the spanwise and vertical velocity fluctuations in
Figs. 9(c—f), whose fluctuations are more significant in the small-
scale region. The coherent structures with lengths lying within
0.18-0.45 h for Case T1 are more prevalent. This shows that the
coherent structure dominant scale A, /A for Case T6 in each direc-
tion is smaller than that for Case T1. For Case T6, the coherent
structures with lengths lying within 0.2-0.6 h for the streamwise
velocity fluctuation and 0.12-0.35 h for the spanwise and vertical
velocity fluctuations are more prevalent. However, because the flow
depth 4 for Case T6 is more than twice that for Case T1, the actual
scale is slightly larger for Case T6. In essence, as the turbulence
level increases from Case T1 to Case T6, the sizes of the coherent
structures near the bed are larger.

At a given xz-plane, the contours of the two-point correlations
of the streamwise, spanwise, and vertical velocity fluctuations, R,,+,,’,
R, and R+, respectively, for Cases T1 and T1 (no particle) are
presented in Figs. 10(a—f), and those for Cases T1 and T6 are com-
pared in Figs. 11(a—f). These kinds of plots are effectively used to
quantify the length of streaky structures (Kim et al. 1987; Calmet
and Magnaudet 1997; Breugem et al. 2006). The two-point corre-
lation functions of streamwise, vertical, and spanwise velocity fluc-
tuations, respectively, can be expressed as:

Ru/u/(xw Zry Ax, AZ)
doou' (X zn hu'(x, + Ax, z, + Az, t)

= 7
Vb (2 PV [ (3, + Ax 2, + Az 1)) 7
Rv’v’(xrvzr!Ax* AZ)
B Shv (xpz )0 (x, + Ax,z, + Az, 1) (8)
V2o [0 0 2 PV [0 (0 + Az, + Az )]
wawf(X,,Z,,Ax, AZ)
B bW (X 2 )W (X, 4+ Ax, 2, + Az, 1) 9)

W 2 PV W (x, + Ax 2, + Az )

where (x,,z,) are the coordinates of the reference point. In
Figs. 10(a—f) and 11(a—f), the reference point for each subplot was
set at the midpoint of the streamwise length at a dimensionless eleva-
tion of z/h = 0.1. In the calculation process, a reference point was
selected first, and then a long period of velocity fluctuations at each
point was taken to perform the foregoing calculation to obtain the
two-point correlation functions of each point relative to the refer-
ence point.

In Fig. 10(a), it is evident that the streamwise velocity fluctua-
tion affects the whole domain length in the x-direction. The vertical
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Fig. 6. Snapshot of the simulated bedforms for Case T0 along with the contours of the dimensionless instantaneous flow velocity u/u, on the axis of

symmetry of the computational domain.
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onless time th/u,, for Case T1 at nine sampling locations: (a) upstream
ownstream S7-S9 at x = 0.18 m. In (a—c), the spanwise distances are

influence range of R, is about 0.45h, which is consistent with the
results of the premultiplied spectrum discussed previously, and its
propagation angle approaches 15°. Variation in the propagation an-
gle is more obvious in Case T1 (no particle), where it increases to
30° diagonally upward. Therefore, the propagation of streamwise
velocity fluctuation cannot affect the full streamwise reach of the
domain. However, it can affect the flow zone near the free surface.
This indicates that the presence of bedload particles reduces the
propagation angle of the streamwise velocity fluctuation near the
bed, and promotes its propagation along the streamwise direction.
The near-bed shear stress increases as well, owing to the bedload
particles. It is also apparent that the contours of R, and R,
are similar for Cases T1 and T1 (no particle), in that the spanwise

© ASCE

J. Hydraul. Eng., 2024,

04023060-7

and vertical velocity fluctuations propagate diagonally upward
and vertically upward, respectively. The difference can be detected
from the influence of the spanwise velocity fluctuation toward
the free surface, which is larger for Case T1 (no particle) than for
Case T1.

Comparing the contours between Cases T1 and T6 in
Figs. 11(a—f), the propagation angles of the velocity fluctuations are
quite different. For instance, the propagation angle of R,/ for
Case T6 is smaller (nearly 30° diagonally upwards) than for Case T1
(nearly 45° diagonally upwards). Although the affected dimension-
less length in the vertical direction seems to be smaller than Case T1,
the actual scale is larger for Case T6, because the flow depth £ for
Case T6 is more than twice that for Case T1.
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In order to explore the velocity fluctuations, which reflect the density functions of dimensionless velocity fluctuations u’/u, and
coherent structures and quantify their contributions to the Reynolds w'/u, at dimensionless elevations of z/h = 0.1, 0.2, and 0.4 for
shear stress, quadrant analysis (Lu and Willmarth 1973) is applied Cases T1 and T6, respectively. The first quadrant corresponds to
here. Figs. 12(a—f) show the quadrant analysis of the probability the outward interaction (u’ > 0, w’ > 0), the second quadrant to
© ASCE 04023060-8 J. Hydraul. Eng.
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Fig. 10. Contours of the two-point correlations of the streamwise, spanwise, and vertical velocity fluctuations for Cases T1 and T1 (no particle) (the
reference point located at a dimensionless elevation of z/h = 0.1): (a) R,/ for Case T1; (b) R, for Case T1 (no particle); (c) R, for Case T1;
(d) R,/ for Case T1 (no particle); (e) R, for Case T1; and (f) R, for Case T1 (no particle).

the ejection (#’ <0, w’ > 0), the third quadrant to the inward in-
teraction (#’' <0, w’ <0), and the fourth quadrant to the sweep
(u" >0, w’ <0). The ejection transports a low momentum fluid
upwards away from the bed, while the sweep transports a high mo-
mentum fluid downward toward the bed.

In Figs. 12(a—c), the 45° oblique oval-shaped plots reflect that
the proportions of the four quadrants are not equal. Both the ejec-
tion and sweep are dominant for Case T1 at z/h = 0.1 and the ejec-
tion phenomenon accounts for a larger proportion. As the elevation
increases, the contribution from the ejection weakens while the
sweep strengthens [Fig. 12(c)]. It is obvious that the region with
anegative u'w’, that is, where the ejection-sweep phenomenon oc-
curs, is more significant near the bed, where the bedload particles
transport actively. The presence of bedload particles increases the
bursting events in the flow and causes the mixing of high- and low-
speed fluids to intensify. For Case T6 in Figs. 12(d—{), although the
ejection—sweep phenomenon is dominant near the bed surface at
z/h = 0.1, the dominance is weaker than that for Case T1 due to
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an increase in flow intensity. This phenomenon disappears quickly
at z/h = 0.2, and the contributions from the four quadrants tend to
be equal.

In order to represent the turbulent structures expressively,
the instantaneous flow structures visualized with the isosurfaces
of dimensionless pressure fluctuation —2p’/pu? = 9.5 for Cases
T1 and T6 are depicted in Figs. 13(a and b). They are contoured
with the dimensionless instantaneous streamwise velocity u/u..
The kolk-boil vortices in the form of the streamwise elongated
structures and the hairpin vortices are evident over the trough of
the bedforms.

Relationship between Vorticity and Bedload
Transport Rate

In order to examine the relationship between vorticity and bedload
transport, the Q criterion that accounts for the strain rate and the
vorticity tensors can be applied for the quantification as follows:
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Fig. 11. Contours of the two-point correlations of the streamwise, spanwise, and vertical velocity fluctuations for Cases T1 and T6 (the reference
point located at a dimensionless elevation of z/h = 0.1): (a) R, for Case T1; (b) R, for Case T6; (c) R, for Case T1; (d) R, for Case T6;

(e) R, for Case T1; and (f) R, for Case T6.

1
0= 3 (191> = 1541 (10)

where §;; = the strain rate tensor; and (2;; = the vorticity tensor.

They can be obtained from the following expressions:
1 (Ou; Ou;
S;i ===~ +=2 11
Y 2 (8)61 + 3xi) ( )

1 (Ou; Ou;
%5 (56~ 5¢) "

Thus, in a three-dimensional simulation, the Q value can be dis-
played as follows:

0 = (0, + Qf + Q33) — (ST, + ST + 53;)

Fluid rotation term
F1

Fluid deformation term
F2

—0.5(8%, + 5%, + 5%) (13)

Fluid translation term
F3
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The three separative terms of the fluid elements represent the
intensities of three kinds of fluid vortex motions: fluid rotation, de-
formation, and translation, denoted by F'1, F2, and F'3, respectively.

From the definition of fluid shear stress 7, which initiates the
sediment motion, it is the function of the squared shear velocity u,
and is proportional to the velocity gradient Ju;/0x;, called the
shear strain rate:

Ou;
Ox

J

To = pui = pv (14)

Hence, the shear strain rate, du;/ Ox; = u?/v, can be derived
from the bed shear stress or the shear velocity related to the strain
rate and vorticity tensors, linking to the fluid rotation, deformation,
and translation terms, as follows:

5 Q. Q3 QO
Uy
o~ S Siz o S (15)
S»n S S
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Fig. 13. Instantaneous flow structures visualized with the isosurface of dimensionless pressure fluctuation —2p’/pu? = 9.5 (contours of the
dimensionless instantaneous streamwise velocity u/u,) with bed particles for (a) Case T1; and (b) Case T6.

This implies that the shear stress that affects the bedload trans-
portation is essentially a combination of forces caused by the ro-
tation, deformation, and translation of a fluid vortex. Figs. 14(a—c)
provide the schematic representation of the related mechanism.

By collecting and averaging the samples around the bedload par-
ticles, the bedload intensity parameters ¢ as a function of the sep-
arative terms of the fluid elements for Cases T1-T8 are presented in
Figs. 15(a—c). It can been seen that the fluid deformation term F2 is
the same as the fluid rotation term F'1, and that they each have a
similar trend as the fluid translation term F3.

As the flow intensity increases, the fluid rotation term F1, de-
formation term F2, and translation term F3 increase. In turn, the
bedload intensity parameter ¢ increases as all three terms increase,
and appears to satisfy a linearly increasing relationship.
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In general, the bedload intensity parameter ¢ satisfies the fol-
lowing relation (Dey 2014):

d=K(O-06,)" (16)
where © and ©, are the Shields parameter and critical Shields
parameter for bed particle motion, respectively; K is a coefficient;
and m is an exponent. The coefficient K has variable values and the
typical values for the exponent m are 0.5, 1, and 1.5.

As © is the dimensionless form of 7, it relates to the shear strain
rate u2/v as well. In Fig. 15(d), the relationship between bedload
intensity parameter ® and u? /v is represented, which also meets the
relationship in Eq. (16). Therefore, as long as u2/v can be
accurately determined, the bedload intensity parameter ¢ can be
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Fig. 14. Schematic illustrations of the three mechanisms of a fluid vortex acting on the bedload particles: (a) rotation; (b) deformation; and

(c) translation.
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effectively predicted. Fitting u2/v and the fluid rotation, deforma-
tion, and translation terms, the following expression is obtained:

S

”—;: max[0.011(F1 + F2) + 1291n(F3) —368,0]  (17)

The R? of this expression was calculated as 0.996. Fig. 16 shows
the comparisons between the predicted values of u?/v obtained
from Eq. (17) and the actual values obtained from the eight Cases
T1-T8. The largest deviation was observed to be about +10%.
Therefore, it can be argued that Eq. (17) is adequate to estimate
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u?/v. In Eq. (17), an increase in fluid translation term F3 influences
the final value of the bed friction velocity u, more than either the
fluid rotation term F'1 or the deformation term F2, both of which
contribute the same. From Fig. 15 in association with Eq. (13), it is
evident that the three terms F'1, F2, and F3 are interrelated. Given
these arguments, the three terms are seen to be equally important for
the bed friction velocity. Furthermore, as long as the statistics of the
law of fluid vortex motion have been obtained, the 12 /v can be ac-
curately predicted as to the bedload intensity parameter ¢, as a
modification of the Meyer-Peter and Miiller (1948) formula
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(18)

It is pertinent to mention the usefulness of Eq. (17) in computing
the bedload intensity parameter given by Eq. (18). Eq. (17) involves
the fluid rotation, deformation, and translation terms in transporting
the sediment particles as a bedload. No existing empirical formulas
or analytical (deterministic or probabilistic) methods take them into
account in computing bedload. Therefore, the present formula is
considered to be comprehensive regarding the role of fluid vortex
motions on bedload transport.

Conclusions

In this study, a LES was used to simulate the turbulent flow, the NS
equations were applied as the governing equations for the fluid, and
the Eulerian method was employed to solve the NS equations. With
regard to bedload particle dynamics, the Lagrangian point-particle
model was applied to track the trajectories of the particles and to
determine the forces exerted by the flow on them. Particle-wall
collisions were considered, and the time-saving model of particle—
particle collisions was evolved. Nine cases of simulations were
carried out along the lines of previous experiments for bedform
regimes, namely ripples and dunes.

In this study, the sediment transport is three-dimensional. The
bedload transport intensities and the dimensions of bedforms for
all the cases agree well with the results obtained from the classical
formulas. From an examination of the fluid motion near the accu-
mulated bedload particles, kolk—boil vortices in the form of the
streamwise elongated structures and the hairpin vortices form over
the trough of the bedforms. Turbulent coherent structures in the
form of high- and low-speed fluid streaks near the bed are also af-
fected by the bedforms. The near-bed low-speed fluid streaks en-
train into the mainstream domain over the stoss-side of ripples and
the high-speed fluid streaks from the mainstream rush toward the
bed over the leeside of ripples. The ejection and sweep events pre-
vail near the bed, where the bedload particles transport. However,
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the phenomenon disappears as the flow intensity increases. The pres-
ence of bedload particles also modifies the propagation angle and the
range of velocity fluctuations, especially in the streamwise direction.

To quantify the fluid vortex motion, the decomposition parts of
the fluid rotation, deformation, and translation terms, which dem-
onstrate three kinds of vortical motions, were calculated separately.
It was found that they increase linearly with the bedload intensity
parameter as the flow intensity parameter increases. Finally, an
improved formula for bedload intensity parameters relating the
fluid rotation, deformation, and translation terms was obtained. This
suggests that, as long as these three terms are obtained accurately
(which is a scope of future research), the bed shear stress and bed-
load transport rate can be effectively predicted.
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Notation

The following symbols are used in this paper:
C,, =added mass coefficient;
d, =nominal particle diameter;
F1, F2, F3 =fluid rotation, deformation, and translation
terms, respectively;
F, ; =total force acting on a particle in the
i-direction;
Fr=flow Froude number;
f =frequency;
S p,i =total force per unit volume exerted by the
particles on the fluid in the i-direction;
g = gravitational acceleration;
h =flow depth;
I, =moment of inertia of a particle;
K = coefficient;
k =roughness height;
ki =roughness Reynolds number, given by
kou, /v,
k., = wavenumber;
m = exponent;
m,, = total mass of a particle including added mass;
N, ; =torque about the i-axis;

i
rIz) » =number of particles in motion per unit area;
ny, ny, n; =numbers of computational cells in the x-, y-,
and z-directions, respectively;
p =instantaneous pressure;
p’ = pressure fluctuation;
Q =criterion accounting for the strain rate and
vorticity tensors;

R =hydraulic radius;
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R’ = submerged relative density of particles, given
by (ps=p)/p;
Re =flow Reynolds number;
Re,. =friction Reynolds number;

R, ., R, R, =two-point correlations of streamwise, vertical,
and spanwise velocity fluctuations,
respectively;

;j = strain-rate tensor, given by
(Ou;/Ox;+ Ou;/0x;)/2;

Suurs Sprwrs Sy = spectral density functions of streamwise,
spanwise, and vertical velocity fluctuations,
respectively;

t = time;
(0) = spatially-averaged @ over the fluid surface
(domain) at a vertical distance z;
0 = time-averaged streamwise velocity at a
vertical distance z;

u’, v', w’ =fluctuations of streamwise, spanwise, and
vertical velocities with respective to their
respective time-averaged values;

u, = shear velocity;
u;, u; =flow velocities in the i- and j-directions,
respectively;
u, = streamwise particle velocity;
u, ; = particle velocity in the i-direction;
uy = area-averaged flow velocity;
V, =volume of particles;
X, y, z=streamwise, spanwise, and vertical distances,
respectively;
X;, X; = spatial variables in the i- and j-directions,
respectively;
X,, z, =coordinates of the reference point;
zT =dimensionless vertical distance;
Ax, Ay, Az=grid spacings in the x-, y-, and z-directions,
respectively;

AxT, Ay", AzT =dimensionless grid spacings in the x-, y-, and

z-direction, respectively;
© = Shields parameter, given by u2/gR'd >
©, =critical Shields parameter for bed particle
motion;
k =von Karman constant;
A, = wavelength;
p =fluid mass density;
p, = particle mass density;
To =bed shear stress induced by the flow;
7. = threshold bed shear stress for the initiation of
sediment particle motion;
7;; = sub-grid stress tensor, given by 2v,S;;;
v =fluid kinematic viscosity;
v, = sub-grid stress viscosity;
® =bedload intensity parameter;
Q; ; = vorticity tensor; and
wp,; = particle angular velocity about the i-axis.
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