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A B S T R A C T

The dynamics of suspended sediment transport in horizontal open channel flow is analysed using point-particle
one-way coupling Direct Numerical Simulations (DNS), with a virtual wall as a simple particle resuspension
model. In sediment transport, the bed-load is dominated by the inter-particle interactions, but the suspended
sediments are transported essentially in a one-way coupling situation. The validity of one-way coupling DNS
with point-particle approach for the transport of suspended sediment is analysed, by comparing the simulations
with existing well-designed experiments performed under very similar conditions. The range of the relevant
non-dimensional parameters of the simulations is roughly the same as in actual sediment transport, except
for the flow Reynolds number. Good agreement is observed between the simulations and the experiments;
furthermore, the simulation results of the motion of the suspended sediment are insensitive to the position of
the virtual wall, provided this wall is placed in a region where the fluid velocity fluctuation in the wall-normal
direction is comparable to the particle settling velocity. Using the simulation results, the interplay between
the different fluid–particle interaction forces is analysed, with and without gravity. In the absence of gravity,
the dynamics is dominated by the balance between the stress-gradient force and the turbophoretic effects;
as the particle-to-fluid density ratio for the sediment particles is on the order of one, the situation is quite
different when compared to the dynamics with a density ratio on the order of 1000. When gravity is included,
the dynamics is dominated by the interplay between the drag and gravitational forces, and they balance each
other. Both with and without gravity, the lift and added-mass forces have only secondary effects and do not
play an important role.

1. Introduction

Sediment transport is a process involved in many natural and man-
made applications. The transport of sand-like sediment in turbulent
water flow has been widely studied due to its importance in the
human development and survival, and also for the environmental
sustainability (Chien and Zhaohui, 1999; García, 2008).

Complex physics are involved in the sediment transport in open
channel flow. Close to the channel bed, highly concentrated sediment
particles are transported by the damped but still turbulent fluid flow,
while they strongly interact with the channel bed and also between
them by collision. Away from the channel bed, the sediment parti-
cles with diluted concentration are transported by the turbulent flow.
Thus, a more computationally efficient analysis is possible by splitting
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the transport mechanisms into bed-load transport and suspended-load
transport (Chanson, 2004; Wu, 2007; García, 2008). Despite the in-
tensive studies done in both transport processes, there is a lack of
knowledge in the modelling and simulation of the phenomena (Ancey,
2020a,b; Rodi, 2017; Sotiropoulos, 2015, 2019).

In this work, the dynamics of suspended sediment transport is
studied using the point-particle one-way coupling Direct Numerical
Simulation (DNS), focusing on the different mechanisms and forces
involved. This model/approach has been playing an important role as
a research tool for an improved understanding of the physic involved,
and therefore to provide better support for the development of en-
gineering models, like two-fluid models based on Reynolds-Averaged
equations (Portela and Oliemans, 2006).

https://doi.org/10.1016/j.ijmultiphaseflow.2022.104165
Received 4 March 2022; Received in revised form 24 May 2022; Accepted 10 June 2022

http://www.elsevier.com/locate/ijmulflow
http://www.elsevier.com/locate/ijmulflow
mailto:hshin@pol.una.py
mailto:l.portela@tudelft.nl
mailto:cschaer@pol.una.py
mailto:norberto.mangiavacchi@eng.uerj.br
https://doi.org/10.1016/j.ijmultiphaseflow.2022.104165
https://doi.org/10.1016/j.ijmultiphaseflow.2022.104165
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmultiphaseflow.2022.104165&domain=pdf


International Journal of Multiphase Flow 155 (2022) 104165

2

H.H. Shin et al.

Thus, in applications of gas–solid and gas–liquid flows, the point-
particle DNS has been extensively used (Portela and Oliemans (2006),
Marchioli et al. (2008), among many others), but this approach was not
exploited enough in applications of sediment transport. The main differ-
ence between the sediment transport and gas–solid/liquid applications
is the particle-to-fluid density ratios. This ratio in gas–solid/liquid flows
is on the order of (1,000), which allows to neglect some force terms
in the fluid–particle interactions, while the most relevant interaction
force is usually the drag force. Contrarily, the density ratio of sediment
particles to the fluid is slightly larger than one. This brings into play
other fluid–particle interaction forces in addition to the drag force,
such as the stress-gradient and the added mass forces. In this work,
the point-particle one-way coupling DNS is used in order to evaluate
the interplay between several fluid–particle interaction forces and their
relative importance, in the absence of gravitational, and as well as in
the presence of the gravitational force in the wall-normal direction.

When the gravitational force acts on the particles in wall-normal
direction, the inter-particle interactions become dominant in the bed re-
gion due to the high particle-concentration. However, once the particles
are resuspended by the interactions of fluid–particle and inter-particle,
the particle-concentration restricted to the suspended sediment is much
lower, thus one-way coupling might be a good assumption for the
suspended sediment. On the other hand, the strict requirement of point-
particle is not formally satisfied because the sizes of the sediment
particles are not always small enough compared to the smallest tur-
bulence length-scales. Thus, a question to be explored in this article
is whether the DNS with the assumptions of point-particle and one-
way coupling, and additionally with a pragmatic simple resuspension
model (a kind of wall-function for the particles) is enough for the
analysis of the suspended sediment transport based on the decoupled
behaviour of sediment transport mechanism. The approach is validated
by comparing with an existing experiment which has been designed in
order to performe one-to-one comparison with DNS (Breugem, 2012).

As a simple resuspension model, a virtual wall, which consists of
a horizontal plane located at a short distance above the bottom wall
for the bouncing of the particles, is used. Although the virtual wall
has been already used by Cargnelutti and Portela (2007) and Soldati
and Marchioli (2012), the effects of the positions of the virtual wall
on the dynamics of the suspended sediments have not been extensively
addressed. Therefore, as another contribution of this work, a sensitivity
analysis of the position of the virtual wall, together with different
statistics of suspended particle motions are presented, and compared
with the experimental results.

The work is organised as follows: first, the formulation of the
point-particle DNS used in this work, together with the theoretical
background of the virtual wall model and the momentum balance of the
particle phase are presented in Section 2. In Section 3, the numerical
method with the parameter sets used in the simulations are given; and
the details of the numerical experiments together with the selection
of the position of the virtual wall are presented. The results of the
simulations and the discussions are given in Section 4, and finally,
Section 5 gives the final remarks.

2. Modelling equations

The equations used in the point-particle one-way coupling DNS for
the simulation of particle laden flow are presented in Section 2.1. Then,
the resuspension mechanism of the sediment particles and a theoret-
ical background in which the virtual wall might work as a particle
resuspension model are given in Section 2.2. Finally, Section 2.3 shows
the development of the average-momentum balance equations for the
particles. Each term which arises in these equations can be computed
using the results of point-particle one-way coupling DNS, and therefore,
analysis of the contribution of each term in the whole particle dynamics
can be made.

Fig. 1. Open-channel domain.

2.1. Point-particle one-way coupling DNS

In the sediment transport, there are two phases: the water flow
described by the continuous phase and the sediment particles by the
dispersed phase. The continuous phase is modelled as an incompress-
ible flow of a Newtonian fluid, described by the continuity and Navier–
Stokes equations. In this work, we consider suspended sediment trans-
port in a dilute situation. Therefore, one-way coupling is assumed,
where the effects of the particles on the fluid flow and particle collisions
are neglected, so the fluid flow equations are solved without including
any additional terms. Three-dimensional rectangular coordinate system
with 𝑥 in flow streamwise direction, 𝑦 in spanwise direction, and 𝑧 in
wall-normal direction is considered (Fig. 1).

The fluid flow equations are given by:

∇ ⋅ 𝑢𝑓 = 0, (1)

𝐷𝑢𝑓
𝐷𝑡

= −
∇𝑝
𝜌𝑓

+ 𝜈∇2𝑢𝑓 + 𝑔, (2)

where 𝑢𝑓 is the fluid velocity with the components 𝑢𝑓 , 𝑣𝑓 and 𝑤𝑓 ; 𝑝 the
fluid pressure, 𝜌𝑓 the fluid density and 𝜈 is the fluid kinematic viscosity,
given by 𝜈 = 𝜇∕𝜌𝑓 , where 𝜇 is fluid dynamic viscosity, and 𝑔 is the
acceleration of gravity. The operator 𝐷∕𝐷𝑡 is the material derivative,
which provides the time derivative following a fluid particle, i.e.,
𝐷∕𝐷𝑡 = 𝜕∕𝜕𝑡 + 𝑢𝑓 ⋅ ∇. The flow Reynolds number is defined as Re𝜏 =
𝑢𝜏𝐻∕𝜈, where 𝑢𝜏 is the friction velocity and 𝐻 is the channel height.
The friction velocity is related in terms of wall-shear stress 𝜏𝑤 given by
𝜏𝑤 = 𝜌𝑓 𝑢2𝜏 .

Maxey and Riley (1983) presented the equation of motion for
a small rigid sphere immersed in non-uniform and unsteady flows.
From that equation, the Basset history-force is customarily neglected,
even for sediment transport simulations (Cargnelutti and Portela, 2007;
Vinkovic et al., 2011; Soldati and Marchioli, 2012); and the lift force
is included. Thus, the equation for particle motion used in this work
becomes:

𝜌𝑝𝑝
𝑑𝑢𝑝
𝑑𝑡

= 3𝜋𝜇𝑑𝑝(𝑢𝑓 − 𝑢𝑝) + 𝜌𝑝𝑝𝑔

+1
2
𝜌𝑓𝑝

(

𝐷𝑢𝑓
𝐷𝑡

−
𝑑𝑢𝑝
𝑑𝑡

)

+ 𝑝

(

∇ ⋅ ⃗⃗𝜏
)

+ 𝐹𝐿, (3)

where 𝑢𝑝 is the particle velocity with the components 𝑢𝑝, 𝑣𝑝 and 𝑤𝑝; the
fluid velocity 𝑢𝑓 is evaluated at the position of the centre of the particle,
𝜌𝑝 the particle density, 𝑑𝑝 the particle diameter, ⃗⃗𝜏 the surrounding fluid
stress tensor, 𝑝 = 𝜋𝑑3𝑝∕6 the particle volume and 𝐹𝐿 is the lift force.
The particle Reynolds number is defined as Re𝑝 = 𝑢𝜏𝑑𝑝∕𝜈, but it can
also be defined based on particle velocity relative to the local fluid
velocity as Re𝑟 = |𝑢𝑓 − 𝑢𝑝| 𝑑𝑝∕𝜈. The forces which appears in Eq. (3)
are: (i) the drag force modelled as Stokes drag which is valid in the
limit of small particle Reynolds number based on relative velocity, (ii)
the gravitational force, (iii) the added-mass force with the coefficient
1∕2, (iv) the surrounding fluid-stress, and (v) the lift force.
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The lift force included in this work is composed by: (i) the ‘‘optimum
lift force’’ model formulated by Wang et al. (1997) which is a compi-
lation of different models available in the literature for the lift force
acting on a particle in a shear-flow bounded by a wall; and (ii) the lift
force proposed by Krishnan and Leighton (1995) for particles touching
the wall. When the particle is away from the wall, the ‘‘optimum lift
force’’ model formulated by Wang et al. (1997) is applied using the
expression:

𝐹𝐿 = − 9
𝜋
𝜇𝑎2𝑈𝑠 sign(𝐺)

[

|𝐺|

𝜈

]1∕2
𝐽 , (4)

where 𝑈𝑠 is the slip-velocity, which is the difference between the
particle and fluid streamwise velocities (parallel to the wall), 𝐺 is the
velocity-shear, which is the wall-normal gradient of the fluid stream-
wise velocity at the particle position, 𝑎 = 𝑑𝑝∕2 is the particle radius,
and 𝐽 is a function that takes into account both contributions: (i) the
shear in an unbounded flow, and (ii) the presence of the wall. For the
expressions and/or values of 𝐽 together with the conditions in which
they are valid, the following works Wang et al. (1997), McLaughlin
(1991, 1993) and Arcen et al. (2006) can be referred. Wang et al.
(1997) also included the expression:

𝐹𝐿 = 𝜌𝑓 𝑎𝑈𝑠𝐼𝑐𝑚, (5)

in order to consider the cases when the space between the wall and
the particle are comparable to the particle radius. This expression was
initially given by Cherukat and McLaughlin (1994), who presented the
values of 𝐼𝑐𝑚 as a best-fitting equation. Also, the expression

𝐹𝐿 = 9.257𝜌𝑓𝐺2𝑎4 + 1.755𝜌𝑓𝑈2
𝑠 𝑎

2 − 9.044𝜌𝑓𝐺𝑈𝑠𝑎
3, (6)

proposed by Krishnan and Leighton (1995) is included into the lift
force, when the particle is touching the wall. The lift force shown in the
Eqs. (4)–(6) corresponds to the component in the wall-normal direction,
whereas the other components are zero.

The acceleration of the surrounding fluid in terms of fluid stress is
given by:

𝐷𝑢𝑓
𝐷𝑡

= 1
𝜌𝑓

(

∇ ⋅ ⃗⃗𝜏
)

+ 𝑔. (7)

By including the above equation into Eq. (3), we can express the
equation of the particle motion as:

𝑑𝑢𝑝
𝑑𝑡

= 1
𝑡𝑎
(𝑢𝑓 − 𝑢𝑝) +

𝛽 − 1
𝛽 + 1∕2

𝑔 +
3∕2

𝛽 + 1∕2

𝐷𝑢𝑓
𝐷𝑡

+
𝛽

𝛽 + 1∕2
𝑓𝐿, (8)

where, 𝛽 = 𝜌𝑝∕𝜌𝑓 is the particle-to-fluid density ratio, 𝑡𝑎 = [(𝛽+1∕2)∕𝛽]𝑡𝑝
is a modified particle relaxation time, which is related to the particle
relaxation time, 𝑡𝑝 = 𝛽𝑑2𝑝∕18𝜈, and 𝑓𝐿 = 𝐹𝐿∕𝜌𝑝𝑝 is the lift force
per unit of mass of a particle. The factor [(𝛽 + 1∕2)∕𝛽] in the particle
relaxation time is due to the presence of added-mass force in the
particle equation, which gives a contribution of additional inertia to
the particle movement.

The dimensionless form of Eq. (8) for the particle motion can be ob-
tained considering the friction velocity 𝑢𝜏 , and the viscous length-scale
𝛿𝜈 = 𝜈∕𝑢𝜏 , as follows:

𝑑𝑢+𝑝
𝑑𝑡+

= 1
St𝑎

(𝑢+𝑓 − 𝑢+𝑝 ) +
1
Fr2𝑎

𝑔
𝑔
+

3∕2
𝛽 + 1∕2

𝐷𝑢+𝑓
𝐷𝑡+

+
𝛽

𝛽 + 1∕2
𝑓+
𝐿 , (9)

where the variables with superscript, ⋅+, correspond to the
non-dimensional forms based on viscous scales, or wall-unit, given by
𝑢𝜏 and 𝛿𝜈 , and 𝑔 is the magnitude of the gravity acceleration. The
Stokes number is defined as a ratio between particle relaxation time
and fluid viscous timescale: St = 𝑡𝑝∕𝑡𝜈 , thus the modified Stokes number
is expressed as St𝑎 = 𝑡𝑎∕𝑡𝜈 ; the viscous timescale is given by 𝑡𝜈 = 𝛿𝜈∕𝑢𝜏 .
Both Stokes numbers differ in a factor associated to the particle-to-fluid
density, as: St𝑎 = [(𝛽 + 1∕2)∕𝛽] St.

The particle Froude number, Fr, associates the fluid inertia with the
gravitational effects on the particle, and the modified particle Froude
number, Fr𝑎, is defined as:

1
Fr2𝑎

=
𝑤+

𝑠
St𝑎

. (10)

In this equation, 𝑤𝑠 = 𝑔𝑟𝑡𝑝 is the magnitude of the particle settling
velocity in a stagnant medium, where the reduced gravity is defined as
𝑔𝑟 = 𝑔(𝛽 − 1)∕𝛽. Similarly to the Stokes number, the modified particle
Froude number differs from the particle Froude number by a factor
associated to the particle-to-fluid density, i.e.: Fr2𝑎 = [(𝛽 + 1∕2)∕𝛽] Fr2,
and the particle Froude number is defined as Fr2 = St∕𝑤+

𝑠 .
From Eq. (9), it can be noticed that the dynamics of the particle mo-

tion depends on three non-dimensional parameters: (i) the (modified)
Stokes number associated to the drag force, (ii) the (modified) parti-
cle Froude number which emerges with the presence of gravitational
force, and (iii) the particle-to-fluid density ratio which affects in the
importance of the fluid-acceleration term and the lift force. The fluid-
acceleration term is linked to the fluid stress-gradient and added-mass
forces.

In the absence of the gravitational force, the relevant parameters are
the Stokes number and the particle-to-fluid density ratio. Particularly,
for gas–solid/liquid flows, the modified Stokes number becomes very
similar to the Stokes number, and the term which contains the fluid-
acceleration vanishes due to the large particle-to-fluid density ratio.
Furthermore, besides the coefficient of the lift force (in Eq. (9)) is
on the order of (1), the effects of this force on the statistics of the
particle distribution are not negligible but not dominant (Arcen et al.,
2006). Thus, the term associated to the drag force usually dominates
the dynamics of the particle in gas–solid/liquid flows. On the other
hand, in sediment transport, the particle-to-fluid density ratio is on the
order of (1), so the term which contains the fluid-acceleration, i.e.,
the stress-gradient and added-mass forces, might become important, as
well as the drag force. As the coefficient of the lift force is also on the
order of (1) independent of the particle-to-fluid density ratio, it is not
well known whether the lift force might be important in the motion of
sediment particles in the absence of gravitational force.

The particle Froude number emerges when the wall-normal gravi-
tational force acts on the particles. In gas–solid/liquid flows, the drag
force and the gravitational force dominate the dynamics of the particle.
On the other hand, in addition to these forces, in suspended sediment
transport the fluid-acceleration term might be important due to the
order of (1) of particle-to-fluid density ratio; and the effect of the lift
force might be different compared to the gas–solid/liquid flows. As the
gravitational force is introduced into the particle equation, whether the
particles are resuspended or not is determined by the particle Froude
number. From Eq. (10), it can be noticed that the particle Froude
number is associated to the particle settling velocity normalised by the
friction velocity and the Stokes number. Because the gravitational force
is only present in the wall-normal direction, it is possible to define the
particle Froude number in terms of representative fluctuation of wall-
normal fluid velocity, which has the same order of magnitude than the
friction velocity. Also, as the Stokes number for the sediment particles
is on the order of (1), the ratio of particle settling velocity to the wall-
normal fluid velocity fluctuation will determine whether the sediment
particles are resuspended or not.

The next subsection gives the description of the resuspension model
used in this work. Then, the average of the equation of particle motion
is presented in Section 2.3, and the evaluation of the importance of
each fluid–particle interaction force is shown in Section 4.

2.2. A resuspension model: virtual wall

The entrainment of sediment particles into suspension from the
channel bed has been largely studied in the last century, but there
is still lack of knowledge to understand the whole phenomena (Dey
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Fig. 2. Thresholds curves: The curve of Shields (1936) is a fit given by Brownlie (1981)
for initiation of sediment bed movement; the curve of van Rijn (1984) is a fit given
by van Rijn (2020) for particle suspension; the curve of Niño et al. (2003) is a threshold
curve (drawn by hand) which separates the suspended particles (∙) and no-suspension
(◦); the curve of Bagnold (1966) is a theoretical curve for the particle suspension. The
blue square symbol at

(

Re𝑝 = 3.47, 𝜏∗𝑤 = 0.82
)

corresponds to the parameters used in
this work.

and Ali, 2019). A complex combination of instantaneous fluid tur-
bulence around the particle, the properties of the sediment particle
and the sediment bed characteristics influence strongly in the entrain-
ment phenomena (Coleman and Nikora, 2008). An extensive review
of different mechanism of sediment entrainment is beyond the aim
of this work. Instead, we are interested in studying the dynamics of
suspended sediment transport, and we are going to explore whether a
very simple resuspension model, using a virtual wall, is reasonable for
the simulation of suspended sediment transport; and then, we are going
to analyse the sensitivity of this model.

There are sets of particle parameters associated to the flow con-
ditions, in which the particles deposited on the bottom wall are re-
entrained into suspension. Normally, these sets are presented as a
threshold of bed shear stress in terms of particle diameter (Niño et al.,
2003; Dey and Ali, 2019). The bed shear stress in dimensionless form
𝜏∗𝑤, known as Shields’ stress, is defined as:

𝜏∗𝑤 =
𝑢2𝜏

𝑔(𝛽 − 1)𝑑𝑝
, (11)

and the dimiensionless particle diameter is equivalent to the particle
Reynolds number Re𝑝.

Fig. 2 shows some threshold curves. Shields (1936) presented a crit-
ical bed shear stress for the initiation of particle movement on the bed
from experimental results (a fit proposed by Brownlie (1981) is shown).
Note that the Shields threshold is for the particle movement, therefore
larger bed shear stress compared to this threshold is required for the
particle suspension. A threshold for the initiation of particle suspension
was first determined by van Rijn (1984) (a fit given by van Rijn (2020))
from experimental observation of particles which are lifted by upward
fluid-turbulence and maintained suspended for a distance about 100
particle diameters. With a similar criterion, Niño et al. (2003) per-
formed experimental observation and classified the parameter-sets of
the particles and flows, as ‘‘suspension’’ if the particles lifted by the
fluid turbulence are maintained suspended for distance larger than 100
particle diameters, or as ‘‘no suspension’’ if not. Fig. 2 also shows a
curve drawn by hand, similar to the one drawn by Niño et al. (2003),
which separates the suspended particles from those not suspended.

A theoretical condition for the particle resuspension was given
by Bagnold (1966), based on the idea that the root-mean-square (rms)
of vertical upward components of the fluid velocity fluctuations (𝑤′

𝑓𝑢𝑝
),

which has its maximum on the same order of magnitude than the

friction velocity (𝑢𝜏 ), should be greater than or equal to the magnitude
of particle settling velocity (𝑤𝑠). However, this maximum value of the
rms fluid vertical fluctuation occurs in the log-law region (at about
𝑧+ ≈ 60 for Re𝜏 = 500); it decreases as the wall is approached, and
it is highly damped in the viscous sub-layer, reaching zero on the wall
(see Fig. 4). This means that, for a small isolated particles submerged
in the viscous sub-layer, the drag force due to the fluctuations of the
wall-normal fluid velocity would not be sufficient to overcome the
gravitational force. In this particular situation, the lift force would have
an important role, giving an upward impulse that could contribute to
the resuspension of an isolated particle (Vollmer and Kleinhans, 2007).

As the particles accumulate near the bottom wall due to the grav-
itational effects, the highly dense flow is observed, and thus, complex
fluid–particle, wall-particle and inter-particle interactions determine
the particle resuspension mechanism. This complex resuspension mech-
anism cannot be modelled by one-way coupling assumption. However,
above this dense flow region, there is a small transition region, and
further away, the flow with sediment transport is very dilute, and thus
it is essentially one-way coupling. Therefore, in statistically steady-
state, when a particle approaches the wall, it enters into the region
where the particle-concentration is moderate to high, and this particle
is re-entrained into suspension after the complex interactions present
in this region. As the sediment particles have small particle relaxation-
time, the re-entrained particles can accommodate quickly to the local
fluid turbulence. Thus, it might be possible to avoid the representation
of this complex resuspension mechanism by using simply a virtual wall
located a small distance from the bottom wall, where the particles
approaching the wall are bounced and re-entrained into suspension.
The virtual wall consists of a horizontal plane parallel to the bottom
wall and separated from this a small distance for the effective bouncing
of the particles.

Actually, the point-particle one-way coupling simulations are not
able to represent the complex phenomena near the bed-region, regard-
less of the inclusion of any fluid–particle interaction force model. Thus,
the virtual wall model would be effective to bring the particles to a
distance from the bottom where the fluctuations of the wall-normal
fluid velocity become higher, so the drag force would balance the
gravitational force maintaining suspended the particles, thus enforcing
the resuspension criterion for the particle.

In this context, following the idea of Bagnold (1966), a local particle
Froude number can be defined based on the rms of local wall-normal
fluctuating fluid velocity instead of the friction velocity. Thus, for the
rms of local wall-normal fluctuating fluid velocity expressed as:

𝑤′
𝑓, rms(𝑧) =

√

⟨

𝑤′
𝑓 (𝑧)𝑤

′
𝑓 (𝑧)

⟩

𝑓
, (12)

with the operator ⟨⋅⟩𝑓 denoting the ensemble average, and the subscript
⋅𝑓 indicating that the computation of the averaging is taken over the
fluid volume, it can be defined the local particle Froude number as:

1
Fr2𝑙 (𝑧)

= 1
St𝑎

𝑤𝑠

𝑤′
𝑓,rms(𝑧)

. (13)

The fluctuating part of the fluid velocity is obtained subtracting the av-
erage fluid velocity 𝑊𝑓 =

⟨

𝑤𝑓
⟩

𝑓 from the instantaneous fluid velocity
in the corresponding component 𝑤𝑓 , and thus: 𝑤′

𝑓 = 𝑤𝑓 −𝑊𝑓 . As the
fluctuations of fluid velocity increase as farther away from the wall,
so do the local particle Froude number. Once the particles are placed
in a region where this local Froude number is on the order of (1)
(or larger), the drag force associated to the fluctuating fluid velocity
would be sufficient to balance the gravitational force. It can be noted
that this local particle Froude number is essentially the ratio between
the particle settling velocity to the local rms of wall-normal fluctuating
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fluid velocity. Thus, the position of the virtual wall is selected based
on this ratio. Then, the sensitivity analysis of the positions of the
virtual wall on the dynamics of the suspended sediment particles are
performed.

2.3. Average particle momentum balance equations

The ensemble average of the particle momentum equation can be
expressed as (Drew, 1983; Enwald et al., 1996):
𝜕
𝜕𝑡

(

𝛼𝑝𝜌𝑝
⟨

𝑢𝑝
⟩

𝑝

)

+ ∇ ⋅
(

𝛼𝑝𝜌𝑝
⟨

𝑢𝑝𝑢𝑝
⟩

𝑝

)

= ∇ ⋅
(

𝛼𝑝
⟨

⃗⃗𝜏𝑝
⟩

𝑝

)

+ 𝛼𝑝𝜌𝑝𝑔 −
⟨

⃗⃗𝜏 ⋅ ∇𝜒𝑝

⟩

𝑝
, (14)

where, 𝛼𝑝 is the particle concentration and ⟨⋅⟩𝑝 represents the ensemble
average operator, where the subscript 𝑝 indicates that the computation
of the averaging is taken over the particles. The ensemble average
of the particle velocity is �⃗�𝑝 =

⟨

𝑢𝑝
⟩

𝑝. Thus, the average of the
convective term ∇ ⋅ (𝛼𝑝𝜌𝑝

⟨

𝑢𝑝𝑢𝑝
⟩

𝑝) is split into an average convection ∇ ⋅

(𝛼𝑝𝜌𝑝�⃗�𝑝�⃗�𝑝), and a term associated to the particle Reynolds-stress tensor
∇ ⋅ (𝛼𝑝𝜌𝑝

⟨

𝑢′𝑝𝑢
′
𝑝

⟩

𝑝
), where the prime symbol, ⋅′, denotes the difference

between the instantaneous and average values.
The first term in the right-hand side (rhs) of Eq. (14) is the stress

in the particle phase, and it is only relevant in dense flow, when the
collisions between particles are important. The second term accounts
for the gravitational effects, and the last term is the force density
exerted by the fluid on the particles due to the fluid–particle interac-
tion. As the average particle momentum equations are evaluated using
point-particle one-way coupling simulations, the term associated to the
particle collision is neglected and the fluid–particle interaction term is
split into the specific forces included in the DNS performed. The fluid–
particle interaction force density is expressed using the phase indicator
function 𝜒𝑝, defined as 𝜒𝑝(�⃗�) = 1 when there is a particle in �⃗�, or 0
otherwise. By considering Stokes drag, added-mass, surrounding fluid
stress, and lift force, the force density is expressed as:

−
⟨

⃗⃗𝜏𝑝 ⋅ ∇𝜒𝑝

⟩

𝑝
= 𝛼𝑝

⎡

⎢

⎢

⎣

18𝜇
𝑑2𝑝

⟨

𝑢𝑓 − 𝑢𝑝
⟩

𝑝 + 𝜌𝑓

⟨

𝐷𝑢𝑓
𝐷𝑡

⟩

𝑝

+1
2
𝜌𝑓

⟨

𝐷𝑢𝑓
𝐷𝑡

−
𝑑𝑢𝑝
𝑑𝑡

⟩

𝑝

− 𝜌𝑓 𝑔 + 𝜌𝑝
⟨

𝑓𝐿
⟩

𝑝

⎤

⎥

⎥

⎦

. (15)

Thus, this expression can be replaced in Eq. (14), and it can be further
reduced based on the statistically-steady fully-developed particle-laden
channel-flow assumption in one-way coupling, as:
(

1 − 1
𝛽

)

𝑔 + 1
𝑡𝑝
�⃗�𝑟𝑒𝑙 +

1
𝛽

⟨

𝐷𝑢𝑓
𝐷𝑡

⟩

𝑝

+
⟨

𝑓𝐿
⟩

𝑝

+ 1
2𝛽

⟨

𝐷𝑢𝑓
𝐷𝑡

−
𝐷𝑢𝑝
𝐷𝑡

⟩

𝑝

− 1
𝛼𝑝

∇ ⋅
(

𝛼𝑝
⟨

𝑢′𝑝𝑢
′
𝑝

⟩

𝑝

)

= 0 (16)

where, �⃗�𝑟𝑒𝑙 is the average relative velocity between the fluid and
particle, defined as:

�⃗�𝑟𝑒𝑙 =
⟨

𝑢𝑓 − 𝑢𝑝
⟩

𝑝 = �⃗�𝑓 +
⟨

𝑢′𝑓
⟩

𝑝
− �⃗�𝑝, (17)

where �⃗�𝑓 is the average fluid velocity. The term
⟨

𝑢′𝑓
⟩

𝑝
is the average

fluid velocity fluctuation at the particle position, known as ‘‘drift
velocity’’, which accounts for the dispersion of the particles due to the
fluctuating fluid velocity (Simonin et al., 1993).

From the left to the right of Eq. (16): the first term is the combi-
nation of gravity and buoyancy or simply gravity term, the second is
the Stokes drag contribution, the third is the stress-gradient, the fourth
is the lift force contribution, and the fifth is the added-mass. The last

term is the contribution of the particle Reynolds-stress which can be
split into two terms as follows:

− 1
𝛼𝑝

∇ ⋅
(

𝛼𝑝
⟨

𝑢′𝑝𝑢
′
𝑝

⟩

𝑝

)

= −
⟨

𝑢′𝑝𝑢
′
𝑝

⟩

𝑝
⋅
(

∇ ln 𝛼𝑝
)

− ∇ ⋅
⟨

𝑢′𝑝𝑢
′
𝑝

⟩

𝑝
, (18)

where the first term on the rhs relates to the momentum transfer due
to the diffusion process or concentration gradient, i.e., particles moving
from high to low particle-concentration, but in this case mostly damped
by the near-wall fluid turbulence; the second term relates to the effects
of ‘‘turbophoresis’’, in which the particles migrate from high to low
fluid turbulence intensities (Reeks, 1983). From Eq. (16), it can be
seen that the terms containing particle Reynolds-stresses emerge in the
averaging process of the momentum equation for the particles, and they
contribute to the net motion of the particles.

The Eq. (18) is substituted into Eq. (16), and thus, Eq. (19) shows
the momentum balance of the streamwise component and Eq. (20)
gives the balance in the wall-normal direction. Both equations are
presented in the dimensionless forms based on the friction velocity 𝑢𝜏
and the viscous length-scale 𝛿𝜈 . All spanwise momentum contributions
become statistically zero due to symmetry consideration. Each term in
both Eqs. (19) and (20) has an under-brace with an abbreviation in
order to identify the specific contribution: D is drag force contribution,
SG is stress-gradient, AM is added-mass force, GB is gravitational effect,
CG is the diffusion effect, TP is turbophoretic effect and L is lift force
contribution (Eqs. (19) and (20) are given in Box I).

3. Numerical method

3.1. Simulation set-up

The flow is driven by a constant streamwise pressure-gradient. The
motion of continuous-phase, represented by the Eqs. (1) and (2), is
obtained from a standard finite-volume code based on a predictor–
corrector solver on a staggered-grid, with a second-order Adams–
Bashforth scheme for time-integration in the predictor-step. The pres-
sure is obtained from the Poisson equation which is solved applying
fast-Fourier transform in stream and spanwise directions, and solving
the tri-diagonal matrices in wall-normal direction. The velocity field is
corrected from the obtained pressure field. The time-step is determined
adaptively by the Courant stability criterion. Free-slip boundary condi-
tion at the top of the channel and no-slip condition at the bottom wall
are imposed; periodic-boundary conditions are used in the stream and
spanwise directions (see Fig. 1).

The particles are assumed to be point-wise. The equation of particle-
motion, Eq. (9), is integrated using an explicit second-order Runge–
Kutta scheme, and a trilinear interpolation is employed to calculate the
fluid velocity at the centre of the particle. The top and bottom walls
are considered as elastic bouncing-walls (see Fig. 3(left)), which means
that, when the distance of the centre of a particle to the bottom wall
is lower than a particle radius, we perform the specular reflection of
the particle with respect to the bottom wall. For the particles, periodic-
boundary conditions are also used in stream and spanwise directions,
i.e., the particle leaving the computational-domain out of a periodic-
boundary is reintroduced into the opposite boundary. More details of
the code can be found in Portela and Oliemans (2003).

When the virtual wall is included into the simulations, this wall
is a horizontal plane parallel to the bottom wall and is considered as
elastic bouncing-wall for the particles (see Fig. 3(right)). This means
that, when the distance of the centre of a particle to the virtual wall is
lower than a particle radius, we perform the specular reflection of the
particle with respect to the virtual wall.

The parameters of the flow and the particles for the present simula-
tions are taken from the experimental setup of Breugem and Uijttewaal
(2006) and Breugem (2012). In those works, the physical parameters
in the experiments were carefully chosen in order to allow direct
comparison with DNS. Thus, the higher flow Reynolds number was
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Box I.

Fig. 3. The elastic bouncing wall for the particles: (left) bottom wall without virtual
wall, (right) with virtual wall. 𝑎: particle radius, 𝑧𝑟: distance between virtual wall and
bottom wall. The particles are relocated into a symmetrical position with reflective
velocity.

limited by affordable DNS which was about Re𝜏 = 500, with bulk
Reynolds number about Re𝑏 = 10,000 which was obtained by setting
the centre-line velocity to 0.2 m∕s and 0.050 m for the water-depth.
With the reduction of flow Reynolds number, in order to maintain the
particle Froude number similar to the suspended sediment transport in
the river, the reduction of particle density is inevitable (see Eq. (10)).
Thus, natural sediment could not be used in the experiments. Instead,
polystyrene particles with a density of 𝜌𝑝 = 1035 kg/m3 and mean
diameter of 𝑑𝑝 = 347 μm were used as pseudo-sediment. At the selected
flow velocity and particles, a sufficient amount of sediment in the water
column was ensured (𝑢𝜏∕𝑤𝑠 ≈ 5). Although the density of the particles
used in the experiments was different to the sand-like sediment, the
non-dimensional parameter values were similar to those in rivers or
in experiments with real sand, and Breugem (2012) had observed all
the characteristics involved in the transport of suspended sediments
using real sand. It is worth to mention that the experiments of Breugem
and Uijttewaal (2006) and Breugem (2012) had been designed to study
the transport of suspended sediment, so the data were available from
approximately 𝑧+ > 40. In addition, the particle concentration they
had observed in the water column was very low, thus the one-way
coupling situation might apply. This is, although the average particle
concentration of suspended sediment is very low, there could be some
regions with local particle clustering where the concentration is higher,
and therefore the inter-particle collisions could have importance in
these regions, and it might have a role in the average particle con-
centration. In this sense, the results of the simulations shown below
will determine the applicability of one-way coupling for suspended
sediment transport.

In order to compare with the experimental results presented by
Breugem and Uijttewaal (2006) and Breugem (2012), simulations with
the same Reynolds number Re𝜏 = 500 were performed. But, also simula-
tions with lower Reynolds number (Re𝜏 = 180) were performed in order
to analyse the adequate scaling for different flow Reynolds number.

Table 1
Simulations performed. In each simulated case, a mark ‘‘×’’ indicates that the cor-
responding force or model is included in the particle-motion. The acronyms for
the forces/models are: GB: gravity (submerged weight), D: Stokes drag force, SG:
stress-gradient force, AM: added-mass force, L: lift force, VW: virtual wall model.

Id Re𝜏 Forces/models on the particles

GB D SG AM L VW

hRe-d 500 × × ×
hRe-l 500 × × × ×
hRe-gl 500 × × × × ×
hRe-v1/6 500 × × × × ×

lRe-d 180 × × ×
lRe-l 180 × × × ×
lRe-gl 180 × × × × ×
lRe-v1/6 180 × × × × ×

For both Reynolds numbers, we used a computational-domain of size
6𝐻×3𝐻×𝐻 , in the stream (𝑥), span (𝑦) and normal-wise directions (𝑧),
respectively (Fig. 1). This corresponds to 1080 × 540 × 180, in wall-
units, for Re𝜏 = 180, and to 3000 × 1500 × 500 for Re𝜏 = 500. We used a
grid of 963 nodes for Re𝜏 = 180, with uniform grid spacing in the 𝑥 and
𝑦 directions, which gives 𝛥𝑥+ ≈ 11 and 𝛥𝑦+ ≈ 6. A hyperbolic-tangent
function with stretching factor of 1.7 was used for the grid-distribution
in the wall-normal direction, which gives 𝛥𝑧+min ≈ 0.4 at the wall and
𝛥𝑧+max ≈ 3.4 in the middle of the channel. The same grid configuration
was used for Re𝜏 = 500, with a grid of 2563 nodes, which gives 𝛥𝑥+ ≈ 12,
𝛥𝑦+ ≈ 6, and 𝛥𝑧+min ≈ 0.5 at the wall and 𝛥𝑧+max ≈ 3.6 in the middle of
the channel. The average time-steps for the fluid are roughly 𝑡+ ≈ 0.033
for Re𝜏 = 180 and 𝑡+ ≈ 0.027 for Re𝜏 = 500, in wall-units.

The particles were included into the simulation once statistically
steady-state turbulent flow is reached. Initially, 106 particles were
released in random position over the computational-domain, with their
initial velocities equal to the fluid velocities interpolated at the centre
of each particle. The particle diameter, in wall-units, is Re𝑝 = 𝑑+𝑝 = 3.47,
and the particle radius is 𝑎+ = 1.735; particle-to-fluid density ratio is
𝛽 = 1.0367; the Stokes number is St = 𝑡+𝑝 = 0.693, and the modified
Stokes number is St𝑎 = 𝑡+𝑎 = 1.028, giving the particle settling velocity
of 𝑤+

𝑠 = 0.236, and thus, the modified particle Froude number Fr2𝑎 =
4.4. These particle parameters in wall-units are maintained for both
Reynolds numbers.

3.2. Numerical experiments

Simulations with different configurations of forces with and without
virtual wall are performed in order to analyse the effects of each
configuration in the statistics of particle-motion. Table 1 summarises
the simulations performed.

Two groups of simulations were performed: (i) the prefix hRe-
corresponds to the flow with Re𝜏 = 500, and (ii) the prefix lRe-
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Fig. 4. The profiles of rms of fluctuating fluid velocity in wall-normal direction for
Re𝜏 = 500 and 180: (up) shows the whole channel height and (down) shows a small
region close to the bottom wall. The magnitudes are represented in wall-units.

to Re𝜏 = 180. The forces of drag, stress-gradient and added-mass are
included by default in all simulations performed in this work. In the
cases with suffix -d, it uses the default forces; cases with suffix -l
the lift force is included; and cases with suffix -gl the gravity and the
lift forces are included from the default cases. The cases with virtual
wall are labelled by the suffixes -v1, -v2, -v3, -v4, -v5 and -v6
according to its position.

Fig. 4 shows the profiles of the rms of wall-normal fluctuating
fluid velocity for both Reynolds number (Re𝜏 = 180 and 500). The
positions of the virtual wall were selected in such a way that the ratio
between the rms of wall-normal fluctuating fluid velocity at the centre
of a particle in contact with the virtual wall and the magnitude of
the particle settling velocity is equal to 0.2, 0.4, 0.6, 0.8, 1.0 and 1.5;
or similarly, corresponding to the local particle Froude numbers (see
Eq. (13)) which squared values are equivalent to 0.2, 0.4, 0.6, 0.8, 1.0
and 1.5. Fig. 4(down) shows a zoom in near-wall region with horizontal
dashed-lines at mentioned values. These dashed-lines intersect the rms
values at 𝑙ℎ𝑖 (𝑖 = 1, 2,… , 6) distances from the wall, respectively, for
Re𝜏 = 500, and at 𝑙𝑙𝑖 (𝑖 = 1, 2,… , 6) distances from the wall, respectively,
for Re𝜏 = 180. The detailed values of the distances, in wall-units, are
shown in Table 2, where the position of the virtual wall is represented
by 𝑧𝑟 which is the distance measured from the bottom wall, and 𝑙 is
the position of the centre of a particle touching the virtual wall, also
measured from the bottom wall.

To determine whether the simulations with particles have reached
the statistically steady-state, the evolution of the number of particles in
a region close to the bottom wall is computed. In this work, we limit
this region close to the bottom wall, and it is referred to as ‘‘bottom
layer’’ represented by 𝛥𝑧𝑏. The thickness of the bottom layer is set
equal to the 0.5% of the height available for the centre of the particles:
𝛥𝑧𝑏 = 0.005(𝐻 − 𝑑𝑝) without virtual wall (𝛥𝑧+𝑏 = 2.48 for Re𝜏 = 500 and

Table 2
Simulations performed with virtual wall: the column 𝑧𝑟 is the position of the virtual
wall, the column 𝑙 is the position of the centre of particles touching the virtual wall,
and the column Fr2𝑙 (𝑙) is the value of the local particle Froude number at 𝑙, see eq.
(13). All numerical values are in wall-units. The superscript + was skipped to maintain
clear the notation.

Cases 𝑧𝑟 𝑙 = 𝑧𝑟 + 𝑎 Fr2𝑙 (𝑙)

hRe-v1 𝑧ℎ𝑟1 = 0.65 𝑙ℎ1 = 2.38 0.2

hRe-v2 𝑧ℎ𝑟2 = 1.94 𝑙ℎ2 = 3.67 0.4

hRe-v3 𝑧ℎ𝑟3 = 3.00 𝑙ℎ3 = 4.74 0.6

hRe-v4 𝑧ℎ𝑟4 = 4.10 𝑙ℎ4 = 5.83 0.8

hRe-v5 𝑧ℎ𝑟5 = 5.20 𝑙ℎ5 = 6.94 1.0

hRe-v6 𝑧ℎ𝑟6 = 8.24 𝑙ℎ6 = 9.98 1.5

lRe-v1 𝑧𝑙𝑟1 = 1.19 𝑙𝑙1 = 2.92 0.2

lRe-v2 𝑧𝑙𝑟2 = 2.80 𝑙𝑙2 = 4.53 0.4

lRe-v3 𝑧𝑙𝑟3 = 4.37 𝑙𝑙3 = 6.00 0.6

lRe-v4 𝑧𝑙𝑟4 = 5.70 𝑙𝑙4 = 7.43 0.8

lRe-v5 𝑧𝑙𝑟5 = 7.14 𝑙𝑙5 = 8.87 1.0

lRe-v6 𝑧𝑙𝑟6 = 10.92 𝑙𝑙6 = 12.66 1.5

Table 3
Details of simulation time: the total simulation time performed, the period of statis-
tically steady-state particle distribution and saving frequency of data in steady-state
period for the particle statistics. The values are in wall-units.

Id Simulation Steady-state Saving
time frequency

hRe-d/l 25,000 15,000 − 25,000 250
hRe-gl 100,000 25,000 − 100,000 250
hRe-v1/6 25,000 15,000 − 25,000 250
lRe-d/l 18,000
lRe-v1/6 18,000 10,800 − 18,000 180

𝛥𝑧+𝑏 = 0.89 for Re𝜏 = 180), and it is slightly reduced with the presence
of the virtual wall, 𝛥𝑧𝑏 = 0.005(𝐻 − 𝑑𝑝 − 𝑧𝑟), which in wall-unit is
𝛥𝑧+𝑏 = 2.47 − 2.43 for Re𝜏 = 500 and 𝛥𝑧+𝑏 = 0.88 − 0.83 for Re𝜏 = 180.
After the statistically steady-state for the number of particles in the
bottom layer have been reached, the simulations were continued until
sufficient uncorrelated data were collected for the several statistics of
particle-motion.

The Table 3 shows the details of the simulation time for each
case. The time for the simulations begins when the particles are re-
leased into the computational domain of the statistically steady-state
turbulent flow previously obtained. The simulation time shown in the
second column is composed of an initial transient period, followed
by a statistically steady-state particle-distribution shown in the third
column. The data from this steady-state are saved with the frequency
shown in the last column. The saved data are used for the statistics of
particles-motion.

3.3. Fluid and particle statistics

For the computation of particle statistics, 𝑁𝑠 layers parallel to the
top and bottom walls, and distributed non-uniformly along the wall-
normal direction, are considered (Marchioli et al., 2008). For Re𝜏 = 500,
𝑁𝑠 = 160 layers are used and 𝑁𝑠 = 64 layers for Re𝜏 = 180. The layers
are distributed using a hyperbolic-tangent function with a stretching
factor of 𝛾 = 1.7 similar to those used in wall-normal grid-distribution
for the solver of fluid motion. The position of the particle is defined
by its centre, and thus, due to the geometric consideration, it is not
possible to find particles in regions where the distance from the walls
is lower than one particle radius. Therefore, the bottom layer starts at
a distance equal to one particle radius from the bottom wall (𝑧𝑠(0) = 𝑎)
or from the virtual wall (𝑧𝑠(0) = 𝑧𝑟 + 𝑎), and the last layer ends at a
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Fig. 5. Cases without gravitational force: percentage of particles in the bottom layer
𝛥𝑧𝑏 along the simulation time.

distance equal to one particle radius from the top wall (𝑧𝑠(𝑁𝑠) = 𝐻−𝑎).
The thickness of the 𝑠th layer (𝑠 = 1, 2,… , 𝑁𝑠) is:

𝛥𝑧𝑠(𝑠) = (𝐻 − 𝑑𝑝)

[

tanh
(

𝛾 𝑁𝑠−𝑠+1
𝑁𝑠

)

− tanh
(

𝛾 𝑁𝑠−𝑠
𝑁𝑠

)]

tanh(𝛾)
. (21)

A particle belongs to a layer if its centre is located inside the layer. In
each layer, the property is averaged over all particles belonging to that
layer.

4. Results and discussions

This section shows the results obtained from the simulations to-
gether with some discussions. First, the results from the simulations
without gravitational force are presented and is contrasted to the
transport mechanism in gas–solid/liquid applications (see Section 4.1).
Section 4.2 shows the results with gravity but without virtual wall.
Then, an extensive analysis of the simulations with virtual wall is
presented from Section 4.3: some averaged quantities are shown in Sec-
tion 4.3, the near-wall particle clustering in Section 4.4, the quadrant
analysis in Section 4.5, and finally some discussions about the particle-
concentration in the near-wall region for different positions of virtual
wall are presented in Section 4.6.

4.1. Without gravitational force

The first configuration analysed is the case without gravitational
force (cases hRe-d, hRe-l, lRe-d and lRe-l from the Table 1).
These configurations are analysed in order to evaluate the influences of
the terms containing fluid-acceleration and the lift force on the particle-
motion in the absence of gravitational force. Two sets of simulations:
(i) one with fluid-acceleration terms (cases hRe-d and lRe-d), and
(ii) another with both fluid-accelerations terms and lift force together
(cases hRe-l and lRe-l), are performed for both flow Reynolds
number.

In order to acquire the statistically steady-state for the particle
motion, the amount of particles in the bottom layer is monitored along
the simulation time, and is presented in Fig. 5. The simulation time is
represented in outer-unit (𝑡∗ = 𝑡𝑢𝜏∕𝐻) and the amount of particles is in
percentage with respect to the initial amount of particles released (106
particles). Due to the initial random-distribution of particles, the initial
amount of the particles in the bottom layer are approximately equal to
the percentage of volume occupied by this layer (approximately 0.5%).
From this initial value, it observes some accumulation of particles
near the wall, obtaining values slightly larger than the initial particle

Fig. 6. Cases without gravitational force: particle concentration profile scaled by its
value at 𝑧 = 𝐻∕2 (the middle of the channel). 𝑐mid = 𝑐(𝑧 = 𝐻∕2).

amounts, and it oscillates around these values for the rest of the
simulation.

Fig. 6 shows the particle-concentration profile scaled by its respec-
tive concentration in the middle of the channel: 𝑐mid = 𝑐(𝑧 = 𝐻∕2).
In the cases without lift force, slightly larger particle accumulations
are observed very close to the bottom wall, but away of the first grid
point, the particle-concentration is essentially uniform. When the lift
force is included, the lift force prevents the particle accumulation on the
bottom, but larger amount of particles is observed in the viscous sub-
layer. From the buffer layer, the particle-concentration also becomes
uniform.

For the computation of the particle momentum profiles, the drag
force, stress-gradient and added-mass forces for each particle are evalu-
ated using the particle velocity, and fluid velocities and their gradients
at the particle position. Then these forces are averaged over the par-
ticles located in each layer. The diffusion and turbophoretic effects
are evaluated after the profiles of the particle Reynolds stress tensor
and concentration are obtained. Small oscillations in the profiles of
particle motion are observed, which is somehow inevitable because of
the difficulty to obtain a converged statistic profiles for the particles. In
order to smooth these oscillations, the profiles are fitted by smoothing
spline curves.

Fig. 7 show the particle momentum profiles for Reynolds numbers
Re𝜏 = 500 and 180. The Fig. 7(up) shows the streamwise profiles,
and Fig. 7(down) the profiles in the wall-normal direction. It can be
noticed that the major contributions are given by the turbophoretic
effects, which are balanced by the stress-gradient force. The rest forces
have secondary contributions. The diffusion effects are negligible due
to the nearly uniform particle-concentration profiles. The small particle
relaxation time allows the particles to follow almost perfectly the fluid
motion. As a result, very similar average velocities between particles
and fluid are observed with negligible drifts, and also there are very
similar Reynolds stresses between particles and fluid. Hence, the drag
and added-mass forces are negligible. The profiles corresponding to
the Reynolds number Re𝜏 = 180 have a little smaller values, but they
present identical behaviour compared to the simulation with Re𝜏 = 500.

When the lift force is included into the simulations (Fig. 8), the par-
ticle momentum profiles are very similar to the cases without lift force.
The dominant forces are also the stress-gradient and turbophoresis,
which balance each other. The diffusion effects are still negligible be-
sides of the particle accumulation in the viscous sub-layer (see Fig. 6),
i.e., this particle accumulation is not high enough thus the diffusion
effects are damped by the small near-wall turbulence. The apprecia-
ble differences compared to the cases without lift force is that, in
wall-normal direction, the drag force arises to balance the lift force.
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Fig. 7. Cases hRe-d, lRe-d: particle momentum profiles for Re𝜏 = 500 (continuous
curves with larger symbols) and Re𝜏 = 180 (dotted curves with smaller symbols), in
wall-units: streamwise (up), wall-normal direction (down). AM: added-mass force, SG:
stress-gradient force, TP: turbophoretic effect, D: drag force, CG: diffusion effect.

Particularly, the lift force pushes the particles towards the wall.
This is because the particles mostly have positive slip-velocity (particle
velocity larger than the fluid streamwise velocity), i.e., from Eq. (4),
the sign(𝐺) is mostly positive which is the characteristic to the chan-
nel flow, 𝐽 becomes close to the value 2.255 where the lift force is
identical to the Saffman lift formula (Wang et al., 1997), and positive
slip-velocity turn the lift force to be negative (force towards the wall).

Although the particles are almost following the fluid motion, small
streamwise velocity lags of the particles, 𝑈𝑓 − 𝑈𝑝, are observed. This
can be observed in Fig. 9, where the velocity magnitudes are scaled
by the friction velocity, which means that the velocity lags have an
order of magnitude smaller than the friction velocity. The average
relative velocity is further smaller because the drift velocity which
is almost similar to the velocity lags with opposed sign is included:
𝑈𝑟𝑒𝑙 = 𝑈𝑓 +

⟨

𝑢′𝑓
⟩

𝑝
− 𝑈𝑝. This is, the particles are mostly located in

the negative fluid velocity fluctuation (negative drift velocity), thus the
particle velocity is slightly larger than the local fluid velocity. This is
in accordance with the positive slip-velocity, and also to the negative
drag force observed in Fig. 8(up), i.e., the velocity difference between
the fluid and the particle is used for the drag force, thus it is opposed to
the slip velocity. Also, the particles are mostly located in upward fluid
motion, so the drag force is upward in wall-normal direction. Despite

Fig. 8. Cases hRe-l and lRe-l: particle momentum profiles for Re𝜏 = 500 (continu-
ous curves with larger symbols) and Re𝜏 = 180 (dotted curves with smaller symbols),
in wall-units: streamwise (up), wall-normal direction (down). D: drag force, SG: stress-
gradient force, AM: added mass force, CG: diffusion effect, TP: turbophoretic effect, L:
lift force.

Fig. 9. Case hRe-l: Velocity differences. 𝑈𝑟𝑒𝑙 =
⟨

𝑢𝑓 − 𝑢𝑝
⟩

𝑝: average velocity differences
between the fluid and the particles in streamwise direction, 𝑊𝑟𝑒𝑙 =

⟨

𝑤𝑓 −𝑤𝑝
⟩

𝑝: in
wall-normal direction, 𝑈𝑓 − 𝑈𝑝: streamwise velocity lag.

all this, the average velocity differences between the particles and the
fluid, in both streamwise and wall-normal directions, have an order of
magnitude smaller than the velocity lags. Therefore, the drag force in
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Fig. 10. Cases hRe-gl and lRe-gl: percentage of particles in the bottom layer 𝛥𝑧𝑏
along the simulation time.

streamwise has only secondary effect, and in the wall-normal direction,
it balances the small lift force.

The profiles corresponding to the Reynolds number Re𝜏 = 180,
which are plotted in Fig. 8, present identical behaviour compared to
the simulation with Re𝜏 = 500.

These results suggest that the inclusion of the stress-gradient force
in the particle momentum equation is essential. If this force were not
included, the drag force and the diffusion effects would be larger in
order to balance the turbophoresis. This means that, a much higher
particle-concentration would be observed near the wall, and the disper-
sion of the particles due to the drift would be higher. This is contrasted
to the gas–solid/liquid applications where the forces associated to the
fluid-acceleration term are negligible due to the high particle-to-fluid
density ratio.

4.2. With gravity and lift force

In this Section, the results of the simulations including the gravity
and lift force are presented for both Reynolds number: the case iden-
tification hRe-gl corresponds to Re𝜏 = 500 and the case lRe-gl to
Re𝜏 = 180 (see Table 1). Fig. 10 shows the amount of particles in the
bottom layer 𝛥𝑧𝑏 along the simulation time for both Reynolds number.
From the initial random particle distribution, a very large amount of
particles is deposited in a short time, only remaining a small proportion
in suspension. Similar initial slopes of the graphs are observed for
both Reynolds numbers, meaning that the initial deposition rates are
comparable when the wall-unit scaling for the particles is used for
different flow Reynolds numbers. In the figure, there is a zoom to show
values close to 100 in the percentage of amount of particles in the
bottom layer. The deposition of more than 99% of particles in average
within a very small region (0.5% of the channel volume) are observed
for both Reynolds numbers.

Fig. 11 shows the particle-concentration profiles, from the simula-
tion with lift force for both Reynolds numbers, Re𝜏 = 500 and 180,
and from the experiments done by Breugem and Uijttewaal (2006) and
Breugem (2012). These profiles are also compared to the analytical
solution from advection-diffusion model, known as Rouse profile.

The transport of suspended sediment can be modelled by an aver-
aged advection–diffusion equation, where the downward sediment flux
due to the particle settling velocity is in equilibrium with the upward
flux due to the turbulent diffusion. The particle turbulent diffusion
(𝐷𝑡) is normally expressed as being proportional to the turbulent eddy-
viscosity (𝜈𝑡), which can be assumed to have a parabolic profile in a
turbulent open channel flow. An analytical solution of the averaged

Fig. 11. Comparison: particle-concentration profiles from the simulations with lift
force, and from experiments by Breugem and Uijttewaal (2006) and Breugem (2012).
The particle-concentration profiles 𝑐 are scaled by their respective particle-concentration
in the centre of the channel 𝑐mid = 𝑐(𝐻∕2). The horizontal axis represents the
wall-normal direction 𝑧 which is scaled by the channel height 𝐻 , denoted by 𝑧∗.

advection–diffusion equation can be obtained once a reference particle-
concentration at a reference height is provided. This solution, known
as Rouse profile (Rouse, 1939), can be expressed as:

𝑐
𝑐mid

=
[

𝐻 − 𝑧
𝐻 − 𝑧mid

⋅
𝑧mid
𝑧

]Sc𝑡𝑤𝑠∕𝜅𝑢𝜏
, (22)

where the reference height, in this work, is set equal to the middle of
the channel-height, 𝑧mid = 𝐻∕2, with the reference concentration 𝑐mid =
𝑐(𝑧mid); Sc𝑡 is the turbulent particle Schmidt number defined as the ratio
between the fluid turbulent eddy-viscosity and the turbulent particle
diffusion, and 𝜅 = 0.41 is the von Kármán constant. Although, the
reference height is normally considered as a few diameters of particle
from the channel bed, the reference height in the work of Breugem
and Uijttewaal (2006) is set at 𝑧∕𝐻 = 0.25, because the experimental
results were more reliable in higher water column. In this work, the
reference height is set in the middle of the channel (𝑧mid∕𝐻 = 0.5), and
all particle-concentration profiles are scaled with its respective concen-
tration at the middle of the channel. As the assumption of the Rouse
profile is one-way coupling, as well as the simulations performed in this
work, only the relative concentration can be adequately determined.
In this sense, the reference height is arbitrary, and since the focus
of this work is suspended sediment transport, this reference height
is set above the buffer-layer. The best-fit value of turbulent particle
Schmidt number for the agreement between the Rouse profile and the
experimental data gives Sc𝑡 = 0.79. The Rouse profile using this best-
fit turbulent particle Schmidt number is also shown in Fig. 11. Very
good agreements are observed between the simulation results and the
experimental data. But, close to the wall, the results of the simulations
are moving far away from the Rouse profile. Actually, close to the
bottom wall the point-particle one-way coupling approach inevitably
over-predicts the particle concentration and thus the simulation results
would not be reliable in this region.

Highly intermittent particle resuspensions can be observed in
Fig. 10. This intermittency in the particle suspension generates large
oscillations in the particle statistics, and makes it difficult to obtain
converged statistics for the particles, therefore it was required a large
amount of data.

In order to compute the diffusion and the turbophoretic effects for
the particle momentum profiles, the gradient of the
particle-concentration profile has to be evaluated. It is possible to deter-
mine this particle-concentration gradient directly from the derivative
of the particle-concentration profile (from Fig. 11), but this gradient
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Fig. 12. Case hRe-gl: particle momentum profiles for Re𝜏 = 500, in wall-units:
streamwise (up), wall-normal direction (down). GB: gravitational force, L: lift force,
D: drag force, SG: stress-gradient force, AM: added mass force, CG: diffusion effect, TP:
turbophoretic effect, L: lift force.

would be over-predicted close to the bottom wall due to the unreal-
istically high particle accumulation. In addition, the derivative of a
not smooth function adds higher oscillations. On the other hand, if
this gradient is computed from the derivative of the Rouse profile,
then this would be under-predicted close to the bottom wall because
of the restricted assumption in the formulation of the Rouse profile.
This is, either computations would show unreliable results near the
bottom wall, but both would also give similar results away from the
wall. Here, the derivative of the Rouse profile is adopted just because
of the non-oscillated behaviour.

Fig. 12 show the profiles of particle momentum: (up) in streamwise,
and (down) in wall-normal direction, from the simulation with lift force
for Re𝜏 = 500. The drag force in streamwise (Fig. 12(up)) is dominant
within the viscous sub-layer, and it balances the sum of both the added-
mass and the stress-gradient forces. The drag force has positive value
in the viscous sub-layer, and it becomes negative in the buffer-layer
and above. Although, a large particle-concentration gradient is present
close to the wall, the diffusion effects are damped by the reduced fluid
turbulence in this region.

In wall-normal direction (Fig. 12(down)), the gravitational force
acts on the particles towards the bottom wall with constant value. The
lift force balances the gravitational force in the viscous sub-layer; in
the buffer layer, this force becomes slightly negative and pushes the
particles towards the bottom wall, but above the viscous sub-layer, it
quickly drops to zero. Similarly to the case without gravitational force,
the negative value of the lift force in the buffer layer is associated

Fig. 13. Cases with virtual wall: percentage of particles in the bottom layer 𝛥𝑧𝑏 along
the simulation time.

with the positive slip-velocity and also to the positive velocity-shear:
the falling particles have higher streamwise velocity than the fluid
velocity, so for these falling particles, the lift force contributes to their
movements towards the wall. This negative lift force in the buffer layer
is also observed by Zeng et al. (2008) in their fully resolved simulation
of a stationary finite-sized particle in wall turbulent flow. Once the
lift force becomes negligible, the drag force emerges, balancing the
gravitational force in the rest of the channel height. Other forces have
an order of magnitude smaller compared to the gravitational and the
drag forces. It is worth mentioning that the particle size used in this
work is comparable to Kolmogorov length-scale, hence the lift force
model for a small particle Reynolds number might not strictly appli-
cable. However, Zeng et al. (2009) showed that for the particle sizes
comparable to the Kolmogorov length-scale, the order of magnitude
of the lift force for finite-sized particles was not very different from
that obtained by Wang et al. (1997) for low particle Reynolds number
used in this work. As above the buffer-layer the contribution of the
lift force is negligible, other lift force model which has similar order
of magnitude would not change the dynamics of suspended particles.
In addition, in the viscous sub-layer, the inclusion of any lift force
model without considering the inter-particle interaction would fail to
represent the complex mechanism in the near-wall region.

4.3. With virtual wall

In this section, the simulation results using the virtual wall are
presented. To analyse the effects of the position of virtual wall on the
dynamics of the suspended particles, the results from the simulations
with virtual wall in several positions are compared to each other, and
against the results using lift force (Section 4.2), and also with the exper-
imental data. The forces included into the simulations with virtual wall
were the drag, stress-gradient, added-mass, and gravitational forces.
The virtual walls are placed in the viscous sub-layer or slightly above
it, and so the particles are mostly above the viscous sub-layer, where
the lift force is negligible. For this reason, the lift force was excluded
in the simulations with virtual wall. See Table 2 to identify the cases
(with the position of the virtual wall) shown in this section. For the
clarity of the figures, only some relevant cases are presented.

Fig. 13 shows the amount of particles in the bottom layer 𝛥𝑧𝑏
(approximately 0.5% of the channel volume) along the simulation time
for cases corresponding to three positions of virtual wall and both
Reynolds numbers. Similar initial slopes of the graphs are observed
in all cases and therefore the initial deposition rates are comparable
regardless of the position of the virtual wall and the Reynolds number.
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Fig. 14. Comparison: particle-concentration profiles from the simulations with virtual
wall, and from experiments of Breugem and Uijttewaal (2006) and Breugem (2012). The
particle-concentration profiles 𝑐 are scaled by their respective particle-concentration in
the centre of the channel 𝑐mid = 𝑐(𝐻∕2). The horizontal axis represents the wall-normal
direction 𝑧 which is scaled by the channel height 𝐻 , denoted by 𝑧∗.

From the initial random particle distribution, in a short time, differ-
ent amounts of particles are deposited depending on the position of
the virtual wall. The cases with the lowest position of virtual wall
(identified with suffix -v1) have higher particle accumulation on the
virtual wall. As the virtual wall is positioned further away from the
bottom wall, the amount of particle deposited is reduced, which means
that there are more particles in suspension. It can be noticed that the
cases with different Reynolds number, but same suffixes, give similar
proportions of deposited particles. Thus, the positions of virtual wall
with similar local particle Froude number present similar proportions
of accumulated particles on the wall.

Fig. 14 shows the particle-concentration profiles of the simulation
with virtual wall for both Reynolds numbers, together with the result
with lift force (showed in the previous section), the experimental data,
and the Rouse profile (the reference height is set equal to the middle of
the channel-height, 𝑧mid = 𝐻∕2, with the reference concentration 𝑐mid =
𝑐(𝑧mid) similar to Fig. 11). Two cases were selected for each Reynolds
number, one corresponding to an intermediate position and the other
to the uppermost position of the virtual wall. Larger simulation time
is required for the convergence of particle motion statistics in the two
cases corresponding to the lower positions of the virtual wall (cases
with the suffix -v1 and -v2), due to the reduced proportions of
suspended particles. This is contrasted to the simulations in which the
virtual wall is placed higher.

The particle-concentration profiles are scaled with the respective
concentration at the middle of the channel, denoted as 𝑐mid = 𝑐(𝑧 =
𝐻∕2), so all concentration profiles become one at the middle of the
channel. In addition, the wall-normal distance is scaled by the channel
height 𝐻 ; in this way, flows with different Reynolds numbers can be
compared to each other. Both simulations with lift force and with
a virtual wall (irrespective of its position) give essentially the same
particle-concentration profile above a certain distance from the wall,
e.g., 𝑧∗ = 𝑧∕𝐻 > 0.1. The simulation with low Reynolds number
Re𝜏 = 180 shows some deviation close to the bottom wall because the
virtual wall in this case is placed inside the buffer layer.

Although Fig. 13 shows different amounts of particles deposited
on the virtual wall depending on their position, the relative particle-
concentration in Fig. 14 shows almost identical profiles above the
buffer layer, regardless of the position of the virtual wall, and they
agree very well with the profile from experiments (Breugem, 2012).
Thus, by using the virtual wall, it is possible to obtain adequate relative
particle-concentration profile above the buffer-layer without taking
into account the complex interactions present in the near-wall region.

Fig. 15. Case hRe-v5: particle momentum profiles, in wall-units: streamwise (up) and
wall-normal direction (down). GB: gravitational force, D: drag force, SG: stress-gradient
force, AM: added mass force, CG: diffusion effect, TP: turbophoretic effect.

In the following, the different statistics of suspended sediment motion
are presented and discussed.

Fig. 15 shows the particle momentum profiles from the simulation
with virtual wall for Re𝜏 = 500, corresponding to the case hRe-v5.
Due to the presence of the virtual wall, the first data points of the
simulations are shifted a distance 𝑙 (for this specific case (𝑙ℎ5 )

+ = 6.94,
see Table 3) from the bottom wall. The drag force and turbophoretic
effect in streamwise (Fig. 15(up)) are revealed to be important and
others (the added mass, stress-gradient and diffusion) are smaller but
still can contribute to the particle momentum. In wall-normal direction
(Fig. 15(down)), the gravitational force is balanced by the drag force;
and other forces have at least one order of magnitude smaller. Similar
profiles are obtained from simulations with different positions of the
virtual wall and different Reynolds number. Furthermore, when this
figure and Fig. 12 (shown in Section 4.2 for the case with lift force)
are restricted to the region from the buffer layer (𝑧+ ≳ 10), both figures
show very similar contributions of the different forces.

4.3.1. Average velocity
Fig. 16 show the particle velocity profiles, from the simulation with

lift force, from the simulations with virtual wall, and the experimental
data (Breugem, 2012): in streamwise (Fig. 16(up)), and in wall-normal
direction (Fig. 16(down)); also, the fluid velocity profile is shown as a
reference.

In streamwise direction (Fig. 16(up)), away from the bottom wall
and approximately 𝑧+ > 40 (region where the experimental data were
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Fig. 16. Particle velocity profiles: (up) streamwise, (down) wall-normal direction.

available), very similar results are obtained in all cases simulated, and
agree very well compared to the experimental data. The simulations
with virtual wall located in different positions, give almost the same
particle velocity profiles in the whole channel. In the channel height,
the particles lag behind the fluid velocity. But, in the case with lift force
and without the virtual wall, larger particle velocity compared to the
fluid velocity is observed in the viscous sub-layer. This was previously
noticed by several researchers from their experimental results, for
instance see Rashidi et al. (1990), Kaftori et al. (1995), Nezu and
Azuma (2004) and Muste et al. (2009), among others. The differences
observed in the particle velocities close to the bottom between the
simulations results are clearly due to the presence of the virtual wall.
But this does not mean that one of them is the correct one and
the others are not. Even though the simulation with lift force shows
good qualitative agreement for the particle velocity compared to the
experimental results from the literature, actually this simulation fails to
represent the core physics close to the bottom wall, which is the inter-
particle interaction due to the high particle concentration. On the other
hand, the presence of the virtual wall can interfere with the motion of
the particles in the near-wall region, but above a certain distance, let
say 𝑧+ > 40 or above the buffer-layer, regardless of the virtual wall
position, or even more, regardless of the way the particles have been
suspended, they show very similar statistics of particle motion.

In wall-normal direction (Fig. 16(down)), all results show nearly
zero average velocities. This means that the particle motion has reached
a statistically steady-state in all simulations performed. In simulations
with virtual wall, the statistically steady-state was reached in relatively
short simulation time, but in the simulation with lift force, it had
to collect large amounts of data because of the large intermittent
behaviour of the particle motion.

Fig. 17. Components of particle Reynolds-stress tensor.

4.3.2. Turbulence
Fig. 17 shows the profiles of three relevant components of the

particle Reynolds-stress tensor: expressed in the form of the rms of
the fluctuating particle velocity in streamwise and wall-normal direc-
tions, and the particle Reynolds shear-stress, from the simulations with
virtual wall and with lift force, and these are compared against the
experimental data. On top, the same components of the fluid Reynolds-
stress tensor are also plotted. Almost the same results are obtained
from the simulations, whether it is used the lift force model or the
virtual wall, and they agree very well compared with the experimental
results. The components of particle Reynolds-stress tensor are slightly
above of the corresponding components of fluid Reynolds-stress tensor.
Larger differences are observed in the buffer layer, where the peak
of the particle streamwise fluctuation is a little shifted from the fluid
fluctuation, and the particle Reynolds shear-stress has a larger peak (in
absolute value) compared to the fluid Reynolds shear-stress. But, from
𝑧+ > 50, where the experimental data is available (Breugem, 2012),
there are no appreciable differences between the particle and fluid
Reynolds stresses. Breugem (2012) had noticed similar results from his
experiments: slightly larger particle Reynolds stresses compared to the
fluid Reynolds stresses were observed, but he had also mentioned that
there is no consensus in the literature whether one should be larger
than the other given the sensitiveness of the experimental errors.

Fig. 18 shows the particle drift velocity in streamwise and wall-
normal directions: 𝑢𝑑 =

⟨

𝑢′𝑓
⟩

𝑝
and 𝑤𝑑 =

⟨

𝑤′
𝑓

⟩

𝑝
. The particle drift

velocity is the average of the fluid velocity fluctuations at the particle
location, and it is related to the particle flux due to the turbulent
diffusion (Simonin et al., 1993). The results from the simulations with
lift force and virtual wall are plotted against the experimental result.
Breugem (2012) had mentioned that the wall-normal drift velocity
obtained in his experiments might have some bias error, and it had
not been able to determine the small drift velocity, so the wall-normal
drift velocity from the experiments was corrected using the particle
settling velocity. The particles are located in the upward fluid velocity
fluctuation, which means that the fluid turbulence is responsible for the
upward particle flux and balances the downward sediment movement
due to the gravitational effect. The negative streamwise drift veloc-
ity means that the particle velocity lag the fluid velocity (observed
in Fig. 16), and this drift velocity is also equivalent to the difference
between the particle and fluid average velocities.

All results obtained from the simulations with virtual wall, each
wall located in a different position, show very similar results regardless
of their positions, and agree very well compared to the experimental
results. On the other hand, the simulations with lift force model give
good qualitative results in the viscous sub-layer and buffer-layer. There
was no reliable experimental data in these regions (Breugem, 2012);
but, the results in the outer layer are very similar to those obtained
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Fig. 18. Particle drift velocity.

using virtual wall, and also, agree very well compared to the exper-
imental results. This means that, once the particles are brought to a
distance from the bottom where the wall-normal velocity fluctuations
of the fluid become of the same order as the particle settling velocity (or
local particle Froude number in order of (1)), these particles have on
average similar motions regardless of how they have been brought into
suspension. In this sense, the virtual wall is very effective in relocating
the particles to those regions. The details of the particle distribution in
different fluid region is analysed in the next sub-section.

4.4. Particle clustering in the near-wall region

Fig. 19 shows the flow visualisation with particles from the simula-
tions: (i) top: the simulation with lift force (case hRe-gl), (ii) middle:
the simulation with virtual wall at (𝑧ℎ3 )

+ = 3.00 (case hRe-v3), and (iii)
bottom: the simulation with virtual wall at (𝑧ℎ6 )

+ = 8.24 (case hRe-v6).
The flow visualisations correspond to the instantaneous streamwise
fluid velocity fluctuations at horizontal planes restricted to a horizontal
window with size 1500 × 750, in wall-unit. These horizontal planes
are separated the following distances from the bottom wall: a particle
radius 𝑎+ = 1.74 for the case hRe-gl (top), (𝑙ℎ3 )

+ = 4.74 for the case
hRe-v3 (middle), and (𝑙ℎ6 )

+ = 9.98 for the case hRe-v6 (bottom), i.e.,
the particles which are in contact with the bouncing-wall (the bottom
wall or the virtual one) will see the fluctuating streamwise fluid velocity
shown in these images. The horizontal direction of the images is the
flow streamwise direction and the vertical is the flow spanwise direc-
tion. The flow direction is from the left to the right of the images. Black
circles (dots) represent particles belonging to a layer with thickness
𝛥𝑧+ = 2.5 from the mentioned horizontal planes in upward direction.
The negative fluctuating fluid velocity (instantaneous velocity lower
than the average) are represented by blue, and the positive fluctuations
(instantaneous velocity higher than the average) are represented by
red.

Apparently, there are more particles (in the bottom layer) as the
virtual wall is placed farther away from the bottom wall. But on the
contrary, the actual number of particles is lower: for instance, in the
figures shown, there are 140,799 particles in the case hRe-gl from the
simulation with lift force model; 52,094 particles in the case hRe-v3
from the simulation with the virtual wall in the intermediate position,
and 46,801 particles in the case hRe-v6 from the simulation with the
highest position of the virtual wall. In Fig. 19(up), a strong non-uniform
particle distribution is observed. This is, the particles are concen-
trated in elongated filament-like structures, also known as bottom
streaks, observed by several researchers (for instance see Rashidi et al.
(1990), Kaftori et al. (1995), Narayanan et al. (2003) and Breugem
(2012)). With the presence of the virtual wall (Fig. 19(middle) and

Fig. 19. Flow visualisations in horizontal planes at distances: (top) 𝑎+ = 1.735 (case
hRe-gl), (middle) (𝑙ℎ3 )

+ = 4.74 (case hRe-v3), and (bottom) (𝑙ℎ6 )
+ = 9.98 (case hRe-

v6), from the bottom wall, restricted to a window with 1500 × 750 (in wall-unit)
for Reynolds number Re𝜏 = 500 at 𝑡+ = 25,000. The colour gradient from blue to red
corresponds to the value of fluid streamwise velocity fluctuation. Black circles (dots)
correspond to the particles located in the layer with thickness 𝛥𝑧+ = 2.5 from the
mentioned horizontal plane in upward direction. The flow direction is from left to
right. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

(down)), the filament-like structures are progressively diffused as the
virtual wall is placed farther away from the bottom wall.

The clustering of the particles can be characterised by the Cumu-
lative Density Function (CDF) of distances between particles, which
is defined as CDF(𝑟) = P(𝑅 ⩽ 𝑟), where P is the probability that the
random variable 𝑅 takes on a value less than or equal to the distance
𝑟. Fig. 20(up) shows the CDF of distances between the particles located
in the layer with thickness 𝛥𝑧+ = 2.5 from the bouncing-wall. The
distances 𝑟 between particles are scaled by the largest representative
distance between two particles, which is the half of the spanwise
dimension (𝐿 = 𝐿𝑦∕2 = 1.5𝐻). Fig. 20(up) also shows two lines with
different slopes denoted by 𝐷2 which is known as correlation dimen-
sions. The correlation dimension gives a measure of the dimension of
the clusters (Monchaux et al., 2012), and is defined as the slope of the
CDF of distance between particles in the log–log graph, which can be
expressed as:

𝐷2(𝑟) =
𝑑(ln CDF)
𝑑(ln 𝑟)

. (23)

For instance, when particles are randomly distributed in a plane then
the correlation dimension is 𝐷2 = 2, indicating that the particles are
distributed in two-dimensional space; if the particles are distributed in
several filaments then: (i) 𝐷2 is between 1 and 2 for distances larger
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Fig. 20. (up) Cumulative Density Function (CDF) of distances between particles in
near-wall region; (down) Correlation dimension of the particle distribution near the
bottom wall for Re𝜏 = 500.

than the separation of the filament; (ii) 𝐷2 approaches to 1 for distances
smaller than the separation of the filament and larger than the thickness
of the filament; and, (iii) 𝐷2 approaches to 2 for distances smaller than
the thickness of the filament.

The correlation dimensions 𝐷2 of the particles in the same layer
near the bottom wall are plotted in Fig. 20(down). Although, the case
with lift force model, shows the filament-like structures of the particle
distribution, there are regions inside the filaments where the particles
are highly concentrated (see Fig. 19-up). This is the reason that there
are values less than 1 for 𝐷2, as shown in Fig. 20(down). As the
simulations were done considering the particle as point-wise, it would
not guarantee that two or more particles do not occupy the same space
at the same time. In this sense, by considering only the fluid–particle
interaction would not be enough to represent the complex physics near
the bottom wall, and it would necessarily require the inclusion of inter-
particle interactions. Actually, the particles are resuspended due to
the complex fluid–particle and inter-particle interactions, which can be
represented in a simple way by the virtual wall.

Although the particle distribution becomes more uniform as the
virtual wall is placed farther away from the bottom wall, as in the case
hRe-v5 of Fig. 20(down), the one-dimensional distribution associated
to the filament-like structures is diffused but still mildly maintained.
In addition, the probability to locate particle pairs in distances smaller
than the particle diameter when the virtual wall is located higher is
further reduced, thus the point-particle approach would become more
adequate.

Fig. 21. Fraction of occurrence in each quadrant.

4.5. Quadrant analysis

Fig. 21 shows the fraction of occurrence of each quadrant (Outward
interaction 𝑄1: 𝑢′𝑓 > 0 and 𝑤′

𝑓 > 0; Ejection 𝑄2: 𝑢′𝑓 < 0 and 𝑤′
𝑓 > 0;

inward interaction 𝑄3: 𝑢′𝑓 < 0 and 𝑤′
𝑓 < 0; sweep 𝑄4: 𝑢′𝑓 > 0 and

𝑤′
𝑓 < 0) of the fluid velocity fluctuations at the particle locations. The

fraction of occurrence of a quadrant 𝑄𝑖 (𝑖 = 1, 2, 3, 4) is defined as:

𝑓 (𝑄𝑖) =
∫𝑄𝑖

𝑝(𝑢′𝑓 , 𝑤
′
𝑓 ) 𝑑𝑢

′
𝑓 𝑑𝑤′

𝑓

4
∑

𝑗=1
∫𝑄𝑗

𝑝(𝑢′𝑓 , 𝑤
′
𝑓 ) 𝑑𝑢

′
𝑓 𝑑𝑤′

𝑓

, (24)

where 𝑝(𝑢′𝑓 , 𝑤
′
𝑓 ) is the PDF of the fluid velocity fluctuations. The

fraction of occurrence is calculated for each layer (𝑠 = 1, 2,… , 𝑁𝑠):
using randomly distributed points for the fraction of fluid occurrences,
and for the fraction of fluid occurrences at the particle locations using
the positions of the particles.

The curves relative to the virtual wall (hRe-v3 and hRe-v6)
practically collapse over each other, thus reinforcing the proposition
that the position of the virtual wall does not affect in the dynamics of
the suspended particles. The case with lift force (hRe-gl) shows some
oscillations because of the less converged statistics. The curve with
virtual wall for Re𝜏 = 180 (lRe-v6) shows similar results compared
to the results with the simulations with Re𝜏 = 500; but some deviations
are observed which is primarily due to the small channel height in the
low Reynolds number. Away from the wall, all simulations show very
similar fractions of occurrences.

In the core of the channel (away from the bottom wall), a large
proportion of the particles, roughly about 0.45 of the particles are
located in the 𝑄2 event. This is contrasted to the lower fluid occurrences
which is just about 0.30. On the other hand, only 0.20 of the particles
are located in the 𝑄4, contrasted to the higher fluid occurrences (about
0.35). These differences of particle and fluid occurrences in the 𝑄2
and 𝑄4 events are typical in suspended sediment transport (Breugem,
2012). There are similar particle and fluid occurrences in 𝑄1 and 𝑄3
events.

From this quadrant analysis, larger fractions of particles in upward
fluid motion (𝑄1 and 𝑄2) are observed which are related to the positive
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Fig. 22. Particle-concentration profile with closer look in the near-wall region.

vertical drift velocity (Fig. 18), and similarly larger fractions of particles
are in 𝑄2 and 𝑄3 events associated to the negative streamwise drift ve-
locity. Particularly, the 𝑄2 event has the larger contribution compared
to others events individually. This means that the particles are mostly
located in upward fluid motion correlated to the ejection type of events.

4.6. Particle-concentration in the near-wall region

Fig. 22 shows the particle-concentration profiles, similar to Figs. 11
and 14, but now, the 𝑥-axis is in logarithmic scale in order to zoom-in
the near-wall region. The cases with insufficient suspended particles
are excluded. It can be observed that very near the wall, the particle-
concentration depends on the position of the virtual wall. However,
above a small distance from the wall, all the simulations essentially
coincide among themselves, with the experimental results, and with
the Rouse profile, as previously observed in above sections. This means
that the detailed position of the virtual wall is not important for the
motion of suspended sediment, provided that the virtual wall is located
in a region where the fluctuations of the wall-normal fluid velocity
is similar to the particle settling velocity, or, equivalently, when the
virtual wall is located in a region with a local particle Froude number
(defined in Eq. (13)) of the order of (1). Below 𝑧∗ < 0.1, corresponding
to 𝑧+ < 50 in wall-unit for Re𝜏 = 500 and 𝑧+ < 20 in wall-unit for
Re𝜏 = 180, the simulation results start deviating from the Rouse profile.
Actually, the Rouse profile is obtained by assuming a logarithmic mean
velocity profile, which is not applicable for 𝑧+ lower than about 50.

For Reynolds number Re𝜏 = 500, all results show the same concen-
tration profiles above about 𝑧∗ ≈ 0.03, which corresponds to 𝑧+ ≈ 15
in wall-unit. Also, from Fig. 12 (particle momentum balance for the
case with lift force model, hRe-gl), it can be observed that from the
similar height 𝑧+ ⪆ 15, the lift force becomes negligible. This means
that roughly above the buffer-layer, the dominant forces are gravity and
drag, thus, regardless of the way in which the particles are suspended,
the simulations including these two forces give the same dynamics of
the suspended particles, and the lift force does not play a significant
role in these dynamics.

The results presented in this work shows that irrespective of how
the particles are re-entrained into suspension, the statistics of parti-
cle motion and the relative particle-concentration profiles, above the

buffer-layer, are similar each other and agree very well with the exper-
imental results. In this sense, the virtual wall is effective in bringing the
particles into suspension, obtaining good results provided the virtual
wall is located in a region with local particle Froude number of the
order of (1). Thus, the virtual wall allows the study of the dynamics of
suspended sediment without detail consideration of complex near-wall
interactions. This is, regardless the position of the virtual wall affects
the near-wall concentration and distribution of the particles, above the
buffer-layer, the dynamics is essentially one-way coupling, and thus
the point-particle DNS is adequately modelling the suspended sediment
transport.

5. Conclusion

In this work, point-particle one-way coupling DNS are performed
in order to study the dynamics of the suspended sediment transport in
horizontal channel flow. The sediment particles are characterised by
the particle-to-fluid density ratio which is slightly larger than one, and
the size of the particles which is comparable to the smallest turbulence
length-scale. Thus, it is analysed in what extent the point-particle and
one-way coupling assumptions are adequate in the modelling of the
sediment transport restricted to the motion of suspended sediment, in
the absence of the gravitational force, as well as in the presence of this
force in wall-normal direction.

In the absence of the gravitational force, the fluid–particle in-
teraction term which contains the fluid acceleration would become
important due to the small particle-to-fluid density ratio. The forces
associated to the fluid acceleration term are the stress-gradient and
the added-mass forces. Particularly, the stress-gradient force becomes
dominant, and it balances the turbophoretic effect. The lift force is
balanced by the drag force, but these two forces are smaller com-
pared to the stress-gradient and turbophoretic effect. It is observed
small velocity lag of particles in streamwise direction, but the relative
velocity which drives the drag force is even smaller. Thus, the drag
force in streamwise direction can be considered as a secondary effect.
The added-mass force is negligible, which is the consequences that the
particles are following and adapting to the local fluid-turbulence, i.e.,
the fluid Reynolds-stresses seen by the particles are very similar to the
particle Reynolds-stresses (see the Eqs. (19) and (20)). The particle-
concentration profile is nearly uniform; only a slightly larger particle
accumulation in the viscous sub-layer is observed, and the turbulent
diffusion effect is negligible due to the damping of the turbulence
near the wall. All these are contrasted to the applications with gas–
solid/liquid flow, where the stress-gradient and added-mass forces are
negligible due to the high particle-to-fluid density ratio, and thus the
turbophoretic effect is balanced by the concentration-gradient effect
with higher particle accumulation in near wall region and by the drag
force with higher drifts.

When the gravitational force acts in the wall-normal direction, the
particle Froude number becomes a dominant parameter. This means
that the particles are accumulated on the bottom wall, and therefore it
is necessary to incorporate a resuspension model to take into account
the complex resuspension mechanism composed by fluid–particle and
inter-particle interactions, which cannot be modelled in the context
of one-way coupling simulations. However, away from the wall, the
suspended sediment transport is essentially one-way coupled. Thus, a
very simple resuspension model which avoid the complex physics in the
near wall region is incorporated in the point-particle one-way coupling
DNS. This simple resuspension model is a virtual wall consisting of
a horizontal plane parallel to the bottom wall and located at a short
distance above the bottom wall for the bouncing of the particles. In
order to validate the point-particle one-way coupling DNS with the
virtual wall for the simulation of the suspended sediment transport,
the results of the simulations with the virtual wall are compared to the
results of the experiments performed by Breugem (2012). Furthermore,
the sensitivity of the position of the virtual wall in the dynamics of
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the suspended sediment is analysed based on a local particle Froude
number, which is defined as the ratio between the rms of local fluc-
tuating fluid velocity in wall-normal direction to the absolute value of
the particle settling velocity (see Eq. (13)).

With the presence of the gravitational force in the wall-normal
direction, the lift force is only important in the viscous sub-layer,
and above this layer, the lift force is negligible, and the drag force
takes account of the gravitational force. The forces associated to the
fluid-acceleration term, such as the stress-gradient and the added-mass
forces, have an order of magnitude smaller than the gravitational and
drag forces in the buffer layer; and in the most part of the channel,
these forces are negligible. Similarly, the turbophoretic and the concen-
tration-gradient effects contribute to the particle momentum balances
in the buffer layer, but in the rest of the channel, these effects are also
negligible. Therefore, above the buffer layer, the drag force and the
gravitational force dominate the dynamics of the suspended sediments.

Several statistics of suspended sediment motion are compared to the
experimental results, and good agreement are obtained. Furthermore,
these results of suspended sediment dynamics from the simulation
performed, above the buffer-layer, are insensitive to the position of
the virtual wall when this wall was placed in a region where the local
particle Froude number is on the order of (1). This is despite the
near-wall particle distribution and concentration depend on the posi-
tion of the virtual wall, above the buffer-layer the dynamics becomes
insensitive of the virtual wall position. Thus, once the particles are in a
region with fluid velocity fluctuation comparable to the particle settling
velocity, the drag force is enough to take into account with the gravi-
tational force. Therefore, our results show that the suspended sediment
transport can be modelled accurately using the point-particle one-way
coupling DNS incorporating the virtual wall as a simple resuspension
model; in this sense, the virtual wall can be considered as a wall-
function for the motion of particles in the context of the point-particle
one-way coupling DNS.

In addition, from the perspective of the development of engineering
two-fluid models, our results indicate that the essential mechanism
of the suspended sediment transport is determined by the drag and
gravitational forces, and the others can be considered as secondary
forces.
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