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ABSTRACT: Fluvial bedforms generate a turbulent wake that can impact suspended‐sediment settling in the passing flow. This
impact has implications for local suspended‐sediment transport, bedform stability, and channel evolution; however, it is typically
not well‐considered in geomorphologic models. Our study uses a three‐dimensional OpenFOAM hydrodynamic and
particle‐tracking model to investigate how turbulence generated from bedforms and the channel bed influences medium
sand‐sized particle settling, in terms of the distribution of suspended particles within the flow field and particle‐settling velocities.
The model resolved the effect of an engineered bedform, which altered the flow field in a manner similar to a natural dune. The
modelling scenarios alternated bed morphology and the simulation of turbulence, using detached eddy simulation (DES), to differentiate the influence of bedform‐generated turbulence relative to that of turbulence generated from the channel bed. The bedform
generated a turbulent wake that was composed of eddies with significant anisotropic properties. The eddies and, to a lesser degree,
turbulence arising from velocity shear at the bed substantially reduced settling velocities relative to the settling velocities predicted in
the absence of turbulence. The eddies tended to advect sediment particles in their primary direction, diffuse particles throughout the
flow column, and reduced settling likely due to production of a positively skewed vertical‐velocity fluctuation distribution. Study
results suggest that the bedform wake has a significant impact on particle‐settling behaviour (up to a 50% reduction in settling velocity) at a scale capable of modulating local suspended transport rates and bedform dynamics. © 2020 John Wiley & Sons, Ltd.
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Introduction
Fluvial bedforms, such as dunes, generate a wake with a turbulent intensity greater than the surrounding flow that may stretch
distances many times the bedform length (Smith and
McLean, 1977; Müller and Gyr, 1986; Lapointe, 1992;
Kostaschuk and Church, 1993; Bennett and Best, 1995; Venditti
and Bauer, 2005). The wake is generated from velocity shear
between slow‐moving flow located downstream of the bedform
lee side and swifter flow passing over the bedform crest
(Best, 2005). The ability for river flow to suspend bed sediment
particles is dependent on the turbulent intensity of the ambient
flow (Middleton and Southard, 1984; Raudkivi, 1998; van
Rijn, 2007). As such, properties of particle suspension, that
include the trajectory and velocity of the particles settling out
of suspension, may be influenced by contact with the turbulent
wake (Lapointe, 1992; Kostaschuk and Villard, 1999; Venditti
and Bennett, 2000; Chang, 2004; Kwoll et al., 2013;
Khosronejad and Sotiropoulos, 2014). Figure 1 shows a schematic of these phenomena and illustrates an example of how
they may impact a settling sediment particle. Theoretical studies (e.g. Murray, 1970; Stout et al., 1995) suggest that isotrophic
(non‐directional) turbulence, on the scale that occurs in rivers,
may generate a nonlinear drag effect that reduces the settling
rate of sand‐sized sediment particles. There has been less study

of how anisotropic (directional) turbulence, such as occurs in
bedform wakes, explicitly impacts particle settling; however,
processes linked to anisotropic turbulence have been shown
to play a dominant role in maintaining suspension of bed material (Zedler and Street, 2001; Marchioli et al., 2006; Chang and
Park, 2016; Davies and Thorne, 2016). Further, the influence of
anisotropic turbulence structures, in the form of ‘sweeps’ and
‘bursts’ (Grass, 1971), on promoting the entrainment and
near‐bed transport of bed sediment has been well documented
(McLean et al., 1994; Nelson et al., 1995; Schmeeckle, 2015).
Sediment settling has important implications for river geomorphology. The flux of suspended‐bed sediment is dependent
on the balance of sediment deposition due to particle settling
relative to sediment entrainment from the channel bed
(Raudkivi, 1998). Sediment settling in bedform fields has been
shown to influence the dimensions and translation velocities
of those bedforms (Hand and Bartberger, 1988; Bennett
et al., 1998; Parsons and Best, 2013; Naqshband et al., 2014;
Bradley and Venditti, 2019). Despite this importance, precise
simulation of particle‐settling processes is often neglected in
geomorphic models in favour of assuming a singular
particle‐settling velocity, typically set as the still‐water
particle‐settling velocity (van Rijn and Tan, 1985; Paola
et al., 2011). This assumption is generally considered valid
because geomorphic models are often used to simulate
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Methods
Overview

FIGURE 1. Schematic of a sediment particle settling through unidirectional flow over a bedform. In the schematic, the interface between
(i) the swift flow passes over the bedform and (ii) the slower flow in the
separation/recirculation zone near the bedform lee side produces (iii)
an area of intense velocity shear. This velocity shear produces (iv) a turbulent wake. A hypothetical sediment particle at position a is settling
through the flow column. In the absence of turbulence, the particle will
settle with a relatively uniform trajectory (a–a′) based on the pull of
gravity and currents. In the presence of turbulence, the particle trajectory is affected by chaotic upward and downward pulses of velocity
associated with passing eddies and, while the average vertical velocity
of the eddies may be negligible, the final particle trajectory (a–a″) and
mean particle‐settling rate may be significantly affected by the
turbulence.

processes that operate at spatial and temporal scales much
larger and longer than the hydrodynamic scales that influence
particle settling (Howard, 1971; Johannesson and Parker, 1989;
Murray and Paola, 1994; Nagata et al., 2000; Duan and
Julien, 2010). However, in studies where sub‐channel reach
sediment transport dynamics are of interest or where settling
rates are highly variable, such as near bedform‐generated
wakes, typical geomorphic models may lead to poor replication of the active processes. A critical step in adding precision
to geomorphic models in these situations requires a better
understanding of how bedform‐generated turbulence might
modify sediment particle settling from that expected by the
still‐water settling properties or by reach‐averaged flow properties. Identifying if bedform‐generated turbulence generally
increases or decreases settling rates, and at what relative magnitude this change might occur, would be instrumental in
improving this understanding (Nielsen, 1993; Wang and
Maxey, 1993; Chang and Park, 2016).
In this paper, we investigate the impact of bedform‐generated
turbulence on sediment particles settling in river‐like flow conditions using numerical modelling. We focus our investigation
on how the turbulent wake generated from a single,
dune‐scale bedform modifies the settling velocity of medium
sand. Medium sand is a primary constituent of the bed material
in many medium and large sandy rivers worldwide (Molinas
and Wu, 2001). Our study employs a three‐dimensional (3D)
computation fluid dynamics (CFD) model that resolves turbulence using detached eddy simulation (DES) and particle
settling using a Lagrangian particle‐tracking solver. The objectives of our study include:
1 investigating how bedform‐generated turbulence influences
the velocity and suspended‐particle fields in the local flow
column;
2 quantifying the simulated impact of bedform‐generated turbulence on sand‐sized particle‐settling velocities relative to
those simulated over a flat channel bed and in the absence
of resolved turbulence; and
3 based on the study results, discussing the implications of
bedform‐generated turbulence on suspended‐bed sediment
transport and bedform dynamics.
© 2020 John Wiley & Sons, Ltd.

Our study methodology focused on the simulation of numerical
model scenarios that systematically varied turbulence generation in river‐like flow conditions. The objective of these scenarios was to identify the relative influence of turbulence
generated from a large bedform and the channel bed on
sand‐sized particle settling, and to assess how this influence
impacts suspended‐sediment and bedform dynamics. We simulated bedform‐generated turbulence by modelling the dynamic
flow field over a single, fixed bedform. The bedform was based
on a section of channel bed observed in the lower Mississippi
River (USA) that was impacted from dredging. The dredging
created a structure that had a lee‐side slope with a length
(20.6m) and inclination (14°) analogous to a large natural dune
(Figure 2). The lee‐side slope was less than the angle of repose,
which is consistent with the ‘low‐angle dune’ bedform classification (Best, 2005).
Observed current‐velocity profiling indicated that the
engineered bedform impacted the local velocity field similar
to a large natural dune (e.g. Parsons et al., 2005; Kwoll
et al., 2013). Downstream of the bedform, mean velocities
were significantly reduced while the mean velocity fluctuations
were increased. Measurements of bed texture at the site found
that the median grain‐size diameter was 0.25mm, which is
typical for lower Mississippi River bars (Ramirez and
Allison, 2013). Additional details about field data collected to
characterize the modelled study site are available in the online
Supporting Information.
The advantage of focusing the study on an engineered
bedform is that a significant length of the bed upstream and
downstream of the lee‐side slope was relatively flat, so that
the structure’s impact on the flow and sediment transport could
be isolated and identified. The majority of natural dunes
develop in complex fields that contain multiple dunes of irregular size, shape, and orientation (e.g. Lapointe, 1992; Parsons
et al., 2005; Venditti and Bauer, 2005; Nittrouer et al., 2008;
Ramirez and Allison, 2013), which makes disentangling the
hydrodynamic effect of an individual bedform property
extremely difficult (Wren et al., 2007). Past numerical and laboratory studies of bedform dynamics have adopted similar idealized approaches to simplify analyses and interpretation of
results, such as by focusing on a singular structure (e.g. Nelson
et al., 1995; Grigoriadis et al., 2009; Schmeeckle, 2015) or by
employing idealized immobile, regularly spaced bedforms
(e.g. McLean et al., 1994; Venditti, 2007; Kwoll et al., 2016).
In our model, spherical mass particles representing sediment
grains were fed into suspension in unidirectionally flowing
water and settled due to gravity. As the particles settled, we
analysed the instantaneous and time‐averaged vertical particle
velocities, which we refer to as the ‘vertical particle velocity’
and the ‘particle‐settling velocity’, respectively. In our study,
we reference the terminal particle‐settling velocity in still water,
which we refer to as the ‘still‐water settling velocity’. The
still‐water settling velocity of a particle is an intrinsic geotechnical property of an individual sediment particle and is independent of the dynamics of surrounding fluid. Our analyses
focused on the settling of a medium sand‐sized particle (0.25
mm in diameter), with a density of 2650kgm3 and a terminal
still‐water fall velocity of 0.034ms1. These sediment properties pertain to the approximate median particle size and density
of lower Mississippi River sand bar sediment. The still‐water fall
velocity approximates that predicted using the empirical formula of Dietrich (1982): 0.031ms1. In our study, while flow
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FIGURE 2. (a) The simulated flow in this study is based on that occurring over a channel bar in the lowermost Mississippi River (USA). (b) A longitudinal transect of elevation for the study area before (undisturbed) and immediately after (initial bedform) a dredging campaign that created a large
dune‐scale bedform. (d) A map of the orientation of this transect. (c, e) Longitudinal and plan view morphology of a nearby natural dune field during a
3 1
high river discharge (30000m s ) for reference. [Colour figure can be viewed at wileyonlinelibrary.com]

and sediment particle velocity are positive net upward, settling
velocity is considered positive net downward as per the convention of previous research.
Our study explicitly focused on sediment particle settling
as opposed to suspended‐sediment transport. Particle
settling assumes the termination of movement upon particle
contact with the channel bed; particles mobilized by
suspended‐sediment transport may continue to move upon
contact with the bed, dependent on local flow properties.
Suspended‐sediment transport is generally modelled as the
combination of particle settling and particle entrainment (van
Rijn, 1984). By focusing on particle settling we can utilize a
more physics‐based modelling approach than if entrainment
processes were also simulated. Entrainment is a complex process reliant on near‐bed fluid flow, particle properties, and the
composition of the surrounding bed material and it is often
modelled using empirical (e.g. Engelund and Fredsøe, 1976;
van Rijn, 1984; Garcia and Parker, 1991; McLean, 1992)
or stochastic (e.g. Kirchner et al., 1990; Papanicolaou
et al., 2002) approaches.

Model development
For our study, we used solvers in the OpenFOAM modeling
suite (www.openfoam.org) to simulate sediment‐particle movement through a turbulent, 3D open‐channel flow field. Our
hydrodynamic solver simulated flow dynamics using the
© 2020 John Wiley & Sons, Ltd.

non‐hydrostatic Navier–Stokes equations for single‐phase flow
with constant density and viscosity. Turbulence, within the
flow field, was simulated using a DES approach (i.e.
the Spalart‐Allmaras model; Spalart and Allmaras, 1994),
which employs a one‐equation mixing‐length RANS
(Reynolds‐averaged Navier–Stokes) model to approximate
boundary‐layer flow near walls and a large‐eddy simulation
(LES) scheme away from walls. The LES scheme fully resolves
turbulent flow dynamics at and above a length scale approximate to the cell dimensions of the computational grid or mesh.
Filtering procedures isolate sub‐grid spatial scales, where
RANS modelling assumptions are also applied to predict turbulent dynamics at that (relatively small) spatial scale. We
selected a DES approach for this study because the flow
dynamics of interest (eddies large enough to significantly alter
medium sand‐sized particle settling in the context of a river
channel, i.e. length scales on the order of 0.1 to 1.0m) are
located outside of the wall boundary layer in the
bedform‐wake zone and operate at scales much larger than
the anticipated model grid‐cell dimensions.
OpenFOAM is a modelling toolbox based on the
finite‐volume method that has become widely used in the
research community because of the open‐source code, easy
customization, and wide array of available solvers and utilities.
OpenFOAM has previously been used to accurately predict
open‐flow hydrodynamics in natural channels in studies
focusing on horizontal recirculation in canyon rivers
(Alvarez et al., 2017), river channel evolution by landslides
Earth Surf. Process. Landforms, (2020)
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(Zhao et al., 2017), and flow through vegetation (Chakrabarti
et al., 2016), among others (e.g. Badano et al., 2012;
Wang, 2013; Lai and Bandrowski, 2014).
We employed the PIMPLE solver in OpenFOAM to calculate
pressure and velocity flow‐field dynamics. PIMPLE employs
either the PISO (pressure implicit with splitting operators) or
the SIMPLE (semi‐implicit method for pressure‐linked equations) algorithm based on stability factors within the model during runtime that allows for adaptive timestep length. Additional
numerical methods included an Euler first‐order implicit
scheme for time discretization, Gaussian linear for
discretization of the convective terms, and Gaussian linear
corrected for discretization for the Laplacian terms.
We simulated the movement of sediment suspended in flow
by one‐way coupling of a Lagrangian particle tracking solver
(i.e. icoUncoupledKinematicParcelFoam) to the flow solver.
The particle‐tracking solver calculates the displacement of a
prescribed number of mass particles at each time step based
on the gravitational and drag forces locally affecting each particle. The particle‐tracking solver was modified: (1) to calculate
particle response to a time‐evolving turbulent flow field and (2)
to randomly fluctuate particle‐injection locations over a
defined depth interval. The coupled solver assigns a unique
identification number to each individual particle introduced
into the domain and records particle properties including
velocities, age, initial injection position, and present position
at each output‐write interval.
In our modelling analysis, particle‐settling velocity (WP) is
defined as the time‐averaged vertical particle velocity (UZP)
over a time period of interest (T0 to T) and timestep t:
WP ¼

T
1
∫T 0 U ZP ðt Þ∂t
T  T0

(1)

The dynamics of the vertical particle velocity is calculated by
the particle‐tracking solver from the balance of forces pertinent
to a spherical object suspended in moving fluid:
∂U ZP
mP ¼ F Z
∂t

(2)

where mp is particle mass and FZ is the sum of the most significant forces oriented in the vertical direction, which for a
sand‐sized particle suspended in the flow column is the particle
weight (FG) plus the vertical drag force (FDZ). Particle mass is
calculated as mP ¼ ρS πD3/6 for a particle with diameter D
and density ρS. Particle weight is defined as


ρ
F G ¼ mP g 1  f
ρS

(3)

where g is acceleration due to gravity and pf is the density of
water. The vertical drag force exerted on a spherical particle
by fluid flow can be represented by the equations
πD2
ρ ðU Z  U ZP ÞjU Z  U ZP j
8 f

(4)


24 
1 þ 0:15Re 0:687
if Re P ≤ 1000
P
Re P

(5a)

F DZ ¼ C D

CD ¼

C D ¼ 0:44 if Re P > 1000

(5b)

where CD is the drag coefficient, UZ is the vertical component
of the approach flow velocity, and ReP is the particle Reynold
© 2020 John Wiley & Sons, Ltd.

number given by

Re P ¼

ρf DjU Z  U ZP j
μ

(6)

where μ is the dynamic viscosity of water. The particle relaxation time (TP) is the time it takes the particle velocity to fully
respond to a change in the local vertical flow velocity; it is calculated as

TP ¼

4
ρS D
3 ρf C D jU Z  U ZP j

(7)

and is related to the particle drag force as

F DZ ¼ mP

U Z  U ZP
TP

(8)

As shown in the equations above, the particle‐settling velocity is dependent on the vertical drag force, which itself is
dependent on the square of the vertical‐velocity differential
between the flow and the particle. In turbulent river flow,
the vertical flow velocity is comprised of a mean vertical flow
velocity (U Z ) and a fluctuating component (UZ′):
UZ ¼ UZ þ UZ 0

(9)

Over distances and timescales applicable to the settling of a
sediment particle in large flat‐bedded rivers, U Z ≈ 0, so for
practical purposes the vertical drag force becomes dependent
on the differential between the fluctuation of the vertical flow
velocity and the vertical particle velocity. In turbulence
research, a common metric used to characterize the intensity
of the velocity fluctuations is calculated as the root‐mean‐
square value for a time series of fluctuation values. In our
study, the root‐mean‐square of the vertical‐velocity fluctuations (UZ′RMS) is of importance and is defined as:

U Z 0 RMS ¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
T  0
1
∫T 0 U Z ðt Þ ∂t
T  T0

(10)

Turbulence becomes effective at suspending particles in the
flow column when UZ′RMS values approximate or exceed
the particle still‐water settling velocity (Middleton and
Southard, 1984; Raudkivi, 1998). In rivers, undulations in
the channel bed, such as bedforms, create currents with persistent nonzero vertical velocities through topographic
steering; in these currents, as well as in channels with significant secondary flows, particle settling will be dependent on
both U Z and U Z 0 locally.
The particle‐tracking solver assumed that the particle settling
was dependent on the drag force exerted by the flow and the
particle weight. Other forces, such as lift, were not incorporated into the modelled physics because (1) they were calculated to be an order of magnitude or less than the drag force
and weight for suspended particles in our model or (2) their
influential physics were not practically resolvable at our model
scale. Previous studies using Lagrangian particle tracking to
simulate sediment transport in rivers relied on the same simplifying assumption (e.g. Shams et al., 2002; Pasiok and Stilger‐
Szydło, 2010; Allison et al., 2017).
Earth Surf. Process. Landforms, (2020)
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Model setup
The model was set up to simulate flow and sediment transport
in realistic flow conditions typical of the lower Mississippi River
using the study site shown in Figure 2 as a template. The model
domain was 600m long and 20m wide. Flow depth through the
domain was variable, ranging from approximately 19 to 25m,
and based on the channel bathymetry of the simulated study
site. While we focused our analyses in this study on flow and
sediment transport in the downstream (x) and vertical (z)
dimensions, we found that it was necessary to simulate horizontal flow (i.e. in the y dimension) to properly resolve turbulent eddy development and dissipation using the DES
approach. We developed two different meshes for the model
domain (Figure 3). Mesh cell size was approximately 0.33(x)
× 0.5(y) × 0.33(z) m. Each mesh had a sub‐area of cell refinement (the resolution was increased by a factor of two) designed
to better resolve the flow field around the simulated bedform.
The bedform was oriented so that the lee‐side slope began
100m downstream of the domain inlet. We included a zone
of refinement in the mesh with a flat bed (mesh B in Figure 3)
for consistency. The total number of mesh cells was 8.4 (mesh
A) and 5.5 million (mesh B).
We sized the mesh cells to resolve a predominant fraction
(>80%) of the turbulent kinetic energy generated from the
bedform wake. We tested this criterion by calculating the
probability distribution of the most active turbulent length
scales using the integral length scale (size of the largest,
most‐energetic eddies) and Kolmogorov length scale (smallest
effective eddy size) as reference. These turbulence scales were
computed from the distributions of turbulent energy production
and dissipation values predicted from an auxiliary K‐epsilon
RANS model of the same domain (as per the theory discussed
in Umlauf and Burchard, 2003; Wang et al., 2015).
Velocity boundary conditions were set as zero gradient at the
downstream boundary, ‘no‐slip’ at the bottom boundary, and
‘slip’ at the surface and lateral boundaries. The inlet
boundary was set as ‘mapped’, which recycled flow patterns
derived from an internal location (near the outlet) to
simulate a well‐developed turbulent profile with a prescribed
depth‐averaged velocity and has been used in similar studies
(e.g. Schmeeckle, 2014).
The particle‐tracking model injected mass particles down a
central vertical profile (extending from the water surface to a
depth of 18m) immediately upstream of the location of the
bedform crest in Figure 3a (i.e. at x ¼ 100). Particle injections
were uniformly distributed along the vertical profile at a

prescribed rate. While sand‐sized particles are typically
transported vertically stratified in river flow, we chose the uniformly distributed sediment feed to simplify interpretation of
the simulation results. In the case of a uniform vertical particle
feed, differences in the longitudinal pattern of sediment would
be predominantly a result of the properties of the flow field.
For each simulation, the model was run for 6000s to initialize a steady‐state flow field through the full model domain
before the particle feed began. The total duration for the simulation of each scenario (Table 1) was set to exceed the length of
time required to establish a steady‐state particle deposition pattern. A steady state was assumed to be obtained when the
deposition pattern became insensitive to additional simulation
time as analysed at 1000s intervals. For this analysis, once particles touched the bottom boundary (i.e. the channel bed), they
became immobile and were recorded as deposited. Deposition
in our model is a simplification of sediment deposition processes that occur in natural rivers where, upon contact with
the channel bed, sediment particles can continue to move as
bedload or become resuspended in the flow column.
The model was run on the Cypress high‐performance computing (HPC) cluster at Tulane University (New Orleans,
USA). Each model run was parallelized on 160 processors. Typical model run times were on the order of 5–7days. The maximum Courant number was restricted to 0.5; typical model time
steps ranged from 0.001 to 0.05s for simulations employing the
DES turbulence model.
Further description of model parameterization, including
discretization schemes, solvers, and wall function properties,
is included in the online Supporting Information.

Model scenarios
For the 3D modelling analysis, we simulated four scenarios.
The text below includes a brief description of each scenario.
Table 1 summarizes the key scenario properties.
Scenario 1: the reference scenario
The objective of this scenario was to investigate sediment‐
particle settling over a large, simple bedform with resolved
turbulence. The scenario bathymetry was set to approximate
the channel bathymetry for the site shown in Figure 2b after
it was modified by dredging. This bathymetry (mesh a in Figure 3)
simulated a large, simplified dune‐scale bedform. The lee‐side
slope of the bedform, located between x ¼ 100 and x ¼ 150,
composed the primary morphological feature within the

FIGURE 3. Schematic of the two different model domain variations, mesh a and b. Each box shows a profile view of a domain variation; the white
area is the area open to flow, the dark‐grey area at the box floor represents ground and is closed to flow.
© 2020 John Wiley & Sons, Ltd.
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Table 1.

Summary of key scenario properties

Scenario

Bed morphology

1. Reference
2. Static velocity
3. Flat bed
4. Flat bed, static velocity

bedform
bedform
flat
flat

a

Impact of bedform on
flow
yes
yes
no
no

Resolved
b
turbulence
yes
no
yes
no

Bedform‐generated
turbulence

Background
turbulence

yes
no
no
no

yes
no
yes
no

bedform ¼ mesh a; flat ¼ mesh b.
yes ¼ employed detach eddy simulation; no ¼ static velocity field.

a

b

domain. The mean flow velocity (1.5ms1) through the domain
inlet was set to approximate the depth‐averaged velocity of a
moderate discharge for the lower Mississippi River.
Scenario 2: the static‐velocity field scenario
This scenario employed a static (or ‘frozen’) velocity field equal
to the temporally averaged flow field of Scenario 1. This scenario simulated sediment particles settling through the same
mean velocity field as Scenario 1, with no temporal variability
in flow velocity. The simulation of this scenario served as a
method to investigate particle settling in the absence of turbulent fluctuations in the flow field.
Scenario 3: the flat‐bed scenario
The objective of this scenario was to investigate sediment‐
particle settling absent of a bedform on the flow field. In this
scenario, only ‘background turbulence’ (i.e. that introduced
through the inlet or generated from the channel bed) was
resolved. For this scenario, the relatively deep channel bed
downstream of the bedform from Scenario 1 was extended
upstream to fill the full domain (mesh b; see Figure 3b).
The mean velocity at the inlet was set to the same value as
the mean velocity in the channel downstream of the bedform
from Scenario 1 (i.e. 1.18ms1). Unlike the other scenarios
that introduced velocity fluctuations at the inlet by mapping
the velocity field to that of a downstream location with a
well‐developed turbulent velocity profile, in this scenario
the inlet flow velocity was prescribed as a uniform value with
a randomized fluctuation component. The fluctuating component of the inlet velocity was designed to replicate the same
approximate turbulent intensity in the upstream channel as
Scenario 1 (measured at x ¼ 50). This method was used to
ensure that the mean ‘background turbulence’ intensity of
the flow entering the model domain was approximate to that
in Scenario 1.
Scenario 4: the flat‐bed, static‐velocity scenario
This scenario was the same as Scenario 3 except that it used a
static velocity field equal to the temporally averaged flow field
from Scenario 3. The objective of this scenario was to
investigate sediment‐particle settling in the absence of (1)
turbulent fluctuations and (2) the impact of the bedform on
the flow field.

Model validation
Our objective for the 3D model analyses was to simulate particle settling through realistic turbulent flow fields generally and
not to precisely replicate site‐specific flow hydrodynamics.
Therefore, formal calibration and validation testing against
observed hydrodynamic measurements lies outside the study
scope. We did perform two series of sensitivity tests to
© 2020 John Wiley & Sons, Ltd.

investigate how well the Spalart‐Allmaras DES turbulence
model simulated realistic bedform‐generated wake properties
in river‐like flow conditions. The objective of the first series of
tests was to examine how well a 3D OpenFOAM CFD model,
parameterized the same as that used developed in this
study, replicated the results of a robust flume study of
dune‐generated turbulence (Kwoll et al., 2016). The tests compared model predictions of flow velocity and turbulence with
values observed in the laboratory over 30, 20, and 10°
lee‐side angle dunes. The objective of the second series of tests
was to re‐size the model used in the first series of tests, which
had computational mesh cell dimensions on the order of
103 m, to a larger scale suitable for simulating hydrodynamics
at a real‐world river scale, i.e. with mesh cell dimensions on the
order of 101 m (the same dimensions employed by the main
model used in this study). The second series of tests was necessary because the simulation of turbulence is sensitive to mesh
cell size; we wanted to ensure that an upscaled model which
performed well in simulating hydrodynamics and turbulence
at the flume scale would not perform substantially differently
at the field scale.
The results of these tests indicated that the largest discrepancies between the modelled and observed hydrodynamic values
were related to (1) velocity gradients very near the bed and (2)
the extent of the turbulent wake. The modelled near‐bed
streamwise and vertical velocities had errors ranging from 5
to 20% at the mesh cell scale, with the highest errors located
at the bedform‐wake margins. The model tended to overestimate the area of intense turbulence in the bedform wake (from
10 to 50%) and slightly underestimate turbulent intensity at the
transition between the wake and the ambient flow column,
which decreased the apparent extent of the modelled wake relative to that observed (by up to ~25%). The results of our mesh
scaling validation exercise indicated that the range of cell sizes
tested did not significantly influence the flow velocity and turbulence fields.
Interpretation of our validation results suggests that our
parameterization of the hydrodynamic and turbulence model
simulated flow‐velocity magnitude and fluctuations in the
range that occurs in real‐world rivers. The primary difference
between the modelled and observed flow field was that the
model predicted more intense and spatially concentrated turbulence within the bedform wake. This discrepancy was
likely due to the simplicity of the model domain, which
could not fully replicate the variability in the flume flow.
Unlike the modelled flow, the flume flow was impacted by
velocity shear at the flume walls and the free surface, and
by turbulence generated from mechanical flow recirculation.
The impact of these phenomena would add more turbulence
generally through the flow column and diffuse turbulence
specifically generated in the bedform wake. The elongated
flume channel would likely generate secondary currents
absent in the (shorter) validation model, which would add
Earth Surf. Process. Landforms, (2020)
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further discrepancies in complexity between the flume and
the model flow.
Flow in natural channels would be far more complex than
that simulated in the flume or in our model domains due to
the presence of asymmetries in the natural channel morphology, irregular planform (e.g. channel meandering), and obstacles to flow (e.g. large sediment grains, vegetation, debris).
The complex flow patterns in natural channels would likely
have the net effect of further diffusing the intensity of the
bedform‐generated turbulence throughout the wider flow
column. Therefore, our estimation of the influence of
bedform‐generated turbulence on particle settling in this study,
which does not include this flow complexity, would likely be
near the maximum strength expected in nature.
Results of the validation tests are further detailed in the
online Supporting Information.

Results
Simulation of the flow field
Simulated flow over a bedform
Our model appeared to simulate realistic flow patterns and turbulence fields well; the turbulent intensities and scales of the
modelled flow were on the same relative magnitude as those
measured in observed river channels with similar geomorphic
properties (McQuivey, 1973). In our ‘reference’ scenario,
which simulated turbulent flow and particle transport over a
large bedform (Figure 4), the model predicted a range of persistent flow characteristics. Depth‐averaged flow velocity was
reduced by 21% in the deeper channel downstream of the
bedform (referred to as ‘the downstream channel’ herein) relative to the channel upstream of the bedform (referred to as
‘the upstream channel’ herein). Reach‐averaged boundary
shear stress was reduced by 30% on the downstream channel

bed relative to the upstream channel bed. Flow through the
upstream channel maintained a relatively uniform velocity profile. The drop in bed elevation through the lee‐side slope of the
bedform influenced the flow similar to a naturally formed subaqueous dune (such as that documented in Parsons
et al., 2005).
In the reference scenario, a significant zone of flow separation with occasional flow recirculation developed on the lee
side of the bedform. This zone was typically on the order of
20m long and intermittently extended an additional 10–20m.
The largest turbulent intensities corresponded to the downstream margins of the flow separation zone (x ¼ 140–160; see
Figure 5), which was the location of the greatest velocity shear.
Large turbulent eddies developed downstream of the bedform
and were advected with the downstream current. These eddies
typically persisted during their transport through the model
domain, growing in size and becoming more amorphous with
distance downstream. The eddies tended to display an advection (lift‐off) angle of between 5 and 15°.
Figure 4b shows an example of the vertical‐velocity field
associated with eddies in the bedform wake. The large eddies,
with characteristic dimensions ranging on the order of 100 to
101 m, produced frequent and relatively steep vertical velocity
gradients.
The ‘static‐velocity’ scenario produced a relatively simple
spatial distribution of flow velocities (Figure 6a). Flow velocities
increase monotonically with distance away from the lee side of
the bedform and the channel bed through the bottom half of the
model domain. The steepest gradient in flow velocities
occurred downstream of the bedform crest, where flow velocities transitioned from the order of 0.1 to 1.5ms1 in a distance
on the order of 5m.
Simulated flow over a flat bed
Figures 6b and c show example instantaneous flow fields for
the ‘flat‐bed’ and the ‘flat‐bed, static‐velocity’ scenarios,

FIGURE 4. (a) An example of the modelled instantaneous flow‐velocity field extracted down the model domain centre line for the ‘reference’ scenario. (b) The vertical component of a subsection of the velocity field immediately downstream of the bedform; examples of resolved large eddy structures and the mean directionality of the bedform wake are annotated. The dashed black ovals outline the centre of vortex‐like features [i.e. where the
Q‐criterion, a metric of the balance between fluid rotation and strain (Dubief and Delcayre, 2000) – is >0.1]. The white dashed box in (b) shows the
approximate location of the data illustrated in Figure 6. [Colour figure can be viewed at wileyonlinelibrary.com]
© 2020 John Wiley & Sons, Ltd.
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FIGURE 5. (a) Temporally averaged vertical turbulence intensity
(in terms of UZ′RMS) down the longitudinal centre line of the model
domain for the ‘reference’ scenario. (b) Cross‐section‐averaged
vertical‐turbulence intensity by longitudinal distance for model scenarios that resolve flow turbulence. Generally, UZ′RMS >Ws is considered
a criterion to maintain sediment suspension through diffusive mixing
in alluvial channels (Raudkivi, 1998); this criterion is delineated on
the plot for reference. The grey box shows the zone of high wake turbulence as interpreted from (a). Time‐averaged shear velocity (u*) calculated from the ‘reference’ scenario flow field is also shown for
reference. [Colour figure can be viewed at wileyonlinelibrary.com]

respectively. As stated previously, the ‘flat‐bed’ scenario
employed a prescribed input of uniformly distributed, random
turbulence at the inlet. The level of prescribed turbulence was
set to replicate the same mean intensity as that calculated in
the channel upstream of the bedform in the ‘reference’ scenario. Because the ‘flat‐bed’ scenario did not employ a
‘mapped’ velocity boundary condition at the inlet, a turbulent
vertical‐velocity profile did not fully develop until x > 100m.
The flow field of the ‘flat‐bed, static‐velocity’ scenario
displayed a logarithmic vertical‐velocity profile that is typical
of flow through rough‐bedded open channels and was approximately uniform in the horizontal dimensions.
Predicted distributions of the vertical‐velocity fluctuations
Figure 7 displays the joint distributions for the streamwise and
vertical‐velocity fluctuations for the ‘reference’ scenario calculated at three points distributed longitudinally, i.e. x ¼ 150,
300, and 550. The values in the figure were all calculated at
a central cross‐stream location (y ¼ 10m) and in the vertical
plane with the highest mean turbulence values (z ¼ 20m,
© 2020 John Wiley & Sons, Ltd.

i.e. the approximate bedform crest elevation). Turbulence data
in each plot were sampled from the flow field at 20Hz for 2000s.
This frequency and sampling period allowed for multiple velocity samples of a sufficient number of eddies (such as that defined
in Luchik and Tiederman, 1987) to establish summary statistics
that were insensitive to the addition of further data. The plots
are indicative of quadrant analysis used in environmental turbulence studies that separate turbulent events into four types of turbulent event: (i) outward interactions, (ii) ejections, (iii) inward
interactions, and (iv) sweeps (numerals correspond to those used
in Figure 7). Typically, quadrant analysis is used to characterize
turbulence generated from shear within the near‐bed flow; however, here we use it to illustrate the magnitude and frequency of
vertical‐velocity fluctuations and their general relationship with
downstream‐flow fluctuations within the zone of highest turbulence intensity. In river flow, vertical‐velocity fluctuations are
typically
considered
a
first‐order
control
of
suspended‐sediment behaviour (Raudkivi, 1998).
In Figures 7a–c, the mean velocity fluctuation magnitudes
and standard deviations decline with distance from the
bedform (Table 2). The distribution of velocity fluctuations
shown in Figure 7c was similar to the distribution of
velocity fluctuations for the flat‐bed scenario at the same
location (Figure 7d), suggesting that the influence of the
bedform‐generated turbulence had degenerated to a similar
intensity as that produced by modelled background turbulence.
For the ‘reference’ scenario, ejection and sweep events were by
far the most frequent types of turbulent fluctuation event. While
both ejection and sweep events have been shown to positively
contribute to the suspension of bed material through the positive generation of turbulence and Reynolds stresses (Bennett
and Best, 1995; Nelson et al., 1995; Cellino and Lemmin, 2004;
Kwoll et al., 2016), from a general perspective, ejection events
would reduce particle‐settling velocities and sweep events
would increase particle‐settling velocities due to their relative
vertical orientations. While sweep events were somewhat more
frequent than ejection events, the mean magnitudes of ejection
events were greater than the mean magnitudes of sweep events.

Simulation of the suspended particles
Modelled suspended‐particle fields
The simulated vertical‐velocity fields appeared to have a substantial influence on the suspended‐particle fields, in terms of
the instantaneous vertical particle velocities (UZP) and particle
trajectories (Figure 8). Analysis of the model results indicates
that, for the vast majority of the simulation, UZP was equal to
UZ plus WS (Figure 9). Differences between particle and
local‐flow vertical velocities were typically greatest in the most
turbulent areas of flow and were attributed to the response time
it took the flow current to accelerate a particle to the current
velocity upon initial contact. The particle relaxation time (TP)
calculated by Equation (7) predicts that, for medium sand in
the flow conditions simulated, particles reached local current
velocities approximately 0.01–0.05s after initial contact with
the current.
The four different scenarios simulated by the model
produced substantial variations in the predicted suspended‐
particle fields in terms of the number of particles in suspension
(relative to the particle feed at the model inlet) and
in spatial distribution. Figure 10 shows the simulated
suspended‐particle fields at the conclusion of the model run
for the four scenarios. The spatial distribution of the particles
in the scenarios that resolved turbulence appears more chaotic
relative to the scenarios with static‐velocity fields due to mixing
Earth Surf. Process. Landforms, (2020)
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FIGURE 6. Examples of the predicted instantaneous velocity fields extracted down the centre line of the model domain for (a) ‘static‐velocity’, (b)
‘flat‐bed’, and (c) ‘static‐velocity, flat‐bed’ scenarios. [Colour figure can be viewed at wileyonlinelibrary.com]

within and around the turbulent eddies. The eddy‐induced
mixing created spatial clusters of particles with similar vertical
velocities. These particle clusters diffused with distance downstream. The cluster sizes observed in the ‘flat‐bed’ scenario
were generally smaller than those in the ‘reference’ scenario.
Eddies in the ‘flat‐bed’ scenario were solely a product of

velocity shear at the bed, as opposed to the ‘reference’ scenario
which included eddies generated from bedform wake.
The particle mixing occurring in the turbulence‐resolving
scenarios maintained much more vertically uniform particle
concentration profiles throughout the length of the model
domain than that calculated in the scenarios without

FIGURE 7. Joint frequency distributions for streamwise (UX′) and vertical (UZ′) velocity flucuations illustrated in quadrant analysis plots. Values in
the quadrant corners show the percentage of the total data points present in that quadrant. (a, b, c) Data for the ‘reference’ scenario calculated at locations x ¼ 150, 300, 550, respectively. (d) Data for the ‘flat‐bed’ scenario at x ¼ 550. [Colour figure can be viewed at wileyonlinelibrary.com]
© 2020 John Wiley & Sons, Ltd.

Earth Surf. Process. Landforms, (2020)

B. YUILL ET AL.
Table 2.

Summary statistic of the vertical velocity fluctuations shown in Figure 7 by quadrant
Quadrant
(i)

Scenario/location
Ref./x ¼ 150
Ref./x ¼ 300
Ref./x ¼ 550
Flat‐bed/x ¼ 550

(ii)
1

(iii)
1

(iv)
1

1

Statistic

UZ′ (ms )

UZ′ (ms )

UZ′ (ms )

UZ′ (ms )

mean
Std. dev.
mean
Std. dev.
mean
Std. dev.
mean
Std. dev.

0.147
0.133
0.062
0.056
0.038
0.029
0.033
0.030

0.283
0.183
0.091
0.069
0.079
0.053
0.059
0.043

0.169
0.122
0.057
0.048
0.045
0.035
0.036
0.030

0.209
0.128
0.078
0.056
0.056
0.042
0.044
0.032

turbulence (Figure 11a). This particle mixing is likely
responsible for maintaining the significantly higher depth‐
averaged particle concentrations calculated for the ‘reference’
scenario relative to the ‘static‐velocity’ scenario downstream
of x ¼ 500 (Figure 11b).
Predicted particle‐settling velocities
Figure 12 shows the relative impact of bedform‐generated turbulence and background turbulence on the particle‐settling
velocities. While bedform‐generated turbulence is primarily
directional, background turbulence may have both significant
directional (upwelling from the near‐bed velocity shear) and
isotropic properties (Murray, 1970). Figure 12a shows particle
settling in bedform‐generated turbulence and illustrates that,
in the zone of intense wake turbulence (x ¼ 100–300), particles
were entrained in eddies developing in the velocity shear zone
on the lee side of the bedform and were lifted upward through
the flow column. Further downstream, the turbulence generated from the dissipating eddies kept the particles well mixed
throughout the depth profile and maintained the suspension
of the previously lifted particles within the upper flow column

(as suggested by the prevalence of particles with net upward
trajectories, i.e. WP /WS < 0) in the figure.
Figure 12b shows that the particles settling through
background‐only turbulence (i.e. ‘the flat‐bed’ scenario) were
slightly more mixed through the flow column than in the
absence of turbulence (i.e. the ‘flat‐bed, static‐velocity’ scenario), but were less mixed than when impacted by
bedform‐generated turbulence. Clusters of particles with similar settling velocities formed and remained relatively coherent
through background‐only turbulence; these clusters were less
common in the ‘reference’ scenario, likely due to the more
intense mixing caused by the bedform‐wake turbulence.
Figure 13 illustrates the summary statics calculated for the
particle‐settling velocities shown in Figure 12. Figure 13a
shows that the range of particle‐settling velocities was much
wider in the presence of bedform‐generated turbulence (i.e.
the ‘reference’ scenario) than in background‐only turbulence
(i.e. the ‘flat‐bed’ scenario). For both scenarios, the distributions of particle‐settling velocities stabilized through the downstream half of their domain and appeared to begin to converge
to a similar, relatively small range of values. The median

FIGURE 8. A zoomed‐in view of the vertical‐velocity field shown in Figure 4b. The coloured arrows are flow velocity vectors for the velocity field;
the black arrows show the velocity vectors for sediment particles suspended within the flow field (i.e. extracted along the same central longitudinal
transect). [Colour figure can be viewed at wileyonlinelibrary.com]
© 2020 John Wiley & Sons, Ltd.
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FIGURE 9. Plots of the relationship between instantaneous vertical‐particle velocity (UZP) and the surrounding vertical‐flow velocity (UZ) field for
suspended particles between x ¼ 100 and x ¼ 200 at the conclusion of the ‘reference’ scenario simulation: (a) the relationship between UZ and
UZP; (b) the difference between UZ and UZP* (UZP* is the vertical‐particle velocity with the impact of the particle still‐water settling velocity negated;
i.e. UZP* ¼ UZP + WS) by longitudinal position.

settling velocity of the ‘reference’ scenario was substantially
reduced relative to the median settling velocity of the ‘static‐
velocity’ scenario through the wake zone and became

reduced relative to the still‐water settling velocity near the
downstream end of the domain. The median settling velocity
for the ‘flat‐bed’ scenario was generally less than the

FIGURE 10. Examples of the predicted instantaneous particle concentration fields for (a) ‘reference’, (b) ‘static‐velocity’, (c) ‘flat‐bed’, and (d) ‘static‐
velocity, flat‐bed’ scenarios. Individual sediment particles are coloured by their vertical velocities; note that negative vertical velocities are upwards.
The number of visible particles was reduced by a factor of 2 to promote clarity. [Colour figure can be viewed at wileyonlinelibrary.com]
© 2020 John Wiley & Sons, Ltd.
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FIGURE 11. Instantaneous particle concentrations for the ‘reference’ and ‘static‐velocity’ scenarios. (a) Spatially averaged vertical concentration
profile binned at 100m intervals; concentration values (C) are standardized by the depth‐averaged concentration (CDAC) at each location. (b) Approximate depth‐averaged particle concentrations for the same scenarios by longitudinal distance; in this plot, the particle concentration values are standardized by the concentration of the initial feed at the inlet (CFEED).

still‐water settling velocity through the majority of the model
domain.
The differences in median particle‐settling velocity for
the ‘reference’ and the ‘flat‐bed’ scenarios relative to their
counterpart scenarios that did not simulate turbulence (i.e. the
‘static‐velocity’ and the ‘flat‐bed, static‐velocity’ scenarios,
respectively) were calculated and are shown in Figure 13b.
The magnitude of the difference values increased with longitudinal distance, which suggests that particle suspension became
increasingly dependent on the interaction of the particles with
the resolved turbulence as the particles travelled downstream.
Approaching the domain outlet, turbulence resolved in the
‘flat‐bed’ scenario (i.e. that resolving ‘background’ turbulence)
decreased the median settling rate for suspended particles by
approximately 0.01ms1 (an ~30% reduction). The turbulence
resolved in the ‘reference’ scenario (i.e. that resolving ‘background’ and ‘bedform‐generated’ turbulence) decreased the
median settling rate by approximately 0.025ms1 near the
domain outlet (an ~50% reduction). The reduction of
particle‐settling velocities due to turbulence had a significant
impact on the percentage of suspended particles that were

deposited on the domain bed during the associated simulations
(Table 3).

Discussion
Influence of bedform‐generated turbulence on
particle settling
Our modelling analyses indicate that the bedform‐generated
wake substantially reduced the settling velocities of particles
passing through it. From our analyses, we cannot precisely
identify the underlying mechanics of this settling reduction;
however, we can infer some of the influential processes contributing to the reduced particle settling from the modelled flow
and particle fields. As we show, the vertical particle velocity
was closely correlated to the vertical flow velocity. The
bedform‐generated turbulence does not increase mean
upward oriented velocities relative to scenarios without
bedform‐generated turbulence; however, it may modulate

FIGURE 12. Plots of the instantaneous field of particles suspended in flow, coloured by relative settling velocity (WP/WS) for (a) ‘reference’ and (b)
‘flat‐bed’ scenarios. The thick‐dashed line delineates the upper bounds of the particle distributions for the (a) ‘static‐velocity’ scenario and (b) ‘flat‐bed,
static‐velocity’ scenario for reference. The approximate zone of the most intense particle mixing and upwelling due to wake turbulence is shown as a
dashed black polygon in (a). The plots illustrate the same particle fields as shown in Figures 10a and c without reducing the number of visible particles. [Colour figure can be viewed at wileyonlinelibrary.com]
© 2020 John Wiley & Sons, Ltd.
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FIGURE 13. (a) Summary statistics, in box‐and‐whisker format, of the distributions of particle‐settling velocities shown in Figure 12, binned at 50m
spatial intervals in the x direction. The median particle‐settling velocities estimated for the static‐velocity scenarios are shown for reference; the
median particle‐settling velocity for the ‘flat‐bed, static velocity’ scenario is approximate to the still‐water settling velocity (WS). (b) Change in median
particle‐settling velocity, as shown in (a), for the scenarios where turbulence is resolved relative to the static‐velocity scenarios.

velocity fluctuations in a way that enhances the influence of the
upward fluctuations relative to the downward fluctuations on
vertical particle velocities.
Similar to observations reported in many studies of bedforms
(e.g. Lapointe, 1992; Kostaschuk, 2000), our study shows that
the bedform wake is primarily composed of eddy structures that
are generated in the velocity shear immediately downstream of
the bedform and that translate downstream and upwards, away
from the bed. While these eddies do not produce a net upwards
flow throughout the wake area, our modelling indicates that
they do impact the vertical flow in significant ways. Figure 7
and Table 2 indicate that while downward velocity fluctuations
are typically more frequent than upward velocity fluctuations,
upward fluctuations are, on average, higher in magnitude. These
observations appear to be aligned with the typical eddy structures qualitatively identified in Figure 4. In Figure 4, the fraction
of the eddy with net downward flow is relatively large and slow
moving, while the fraction composed of new upward flow was
smaller and swifter, on average. We hypothesize that this asymmetry in the balance of the magnitude and frequency of upward
and downward velocity fluctuations may act as a potential
mechanism that results in reduced particle‐settling velocities relative to the still‐water particle‐settling velocity; however, additional research is needed to explore this hypothesis.
Previous laboratory studies have identified instances where
turbulence originating from shear at the bed (Kreplin and
Eckelmann, 1979; Leeder, 1983; Wei and Willmarth, 1991)
and on the lee side of bedforms (Bennett and Best, 1995) was
positively skewed (net upward orientation). As observed in this
study, the observed skewness resulted from shorter but
higher‐magnitude upward velocity fluctuations relative to
downward velocity fluctuations and was capable of generating
Table 3.

significant net‐upwards momentum transfer (Wei and
Willmarth, 1991). Since Bagnold (1966) first postulated an
asymmetry in vertical flow fluctuations as a driver of sediment
suspension, experimental data has loosely linked its genesis
to the nature of the Kelvin–Helmholtz instabilities generated
in the shear layer (Bennett and Best, 1995); however, a more
precise description of its origin or its role in natural river hydrodynamics and sediment transport remains largely elusive
(Leeder, 1983).
Other mechanisms inherent in bedform‐wake turbulence,
beyond producing a skewness in the distribution of
vertical‐velocity fluctuations, have been identified that may
result in reduced sediment particle‐settling rates. Studies on
the motion of sand particles in turbulent flow (Stommel, 1949;
Tooby et al., 1977; Nielsen, 1984) have shown that sand‐sized
particles may become trapped within the vortex of the eddies
composing the bedform wake. Logically, the particles trapped
within the rotating flow volume in the eddy vortex would be
swept preferentially in the mean direction of the eddy and, as
the eddies typically have a substantial mean upward trajectory,
the downward settling movement of the particles would be
reversed or significantly reduced. This ‘eddy‐trapping’ process
has been used as an explanation for the high sediment concentrations associated with turbulent boils observed in rivers
(Bijker et al., 1976; Shugar et al., 2010), although the mechanics of the process have not been well explored in river‐like flow
conditions.
Schmeeckle et al. (1999) and Venditti and Bennett (2000)
describe mechanisms closely related to eddy trapping that
occur during eddy genesis over bedforms. Using a combination
of particle‐imaging velocimetry and numerical modelling,
Schmeeckle et al. (1999) describe two mechanisms that

Predicted particle deposition values upon the model domain bed for each scenario

Scenario

% Particle feed deposited

% Change due to turbulence

Static velocity

86

–

Reference
Flat bed, static velocity
Flat bed

65
49
45

24.4
–
b
4.7

a

Turbulence type simulated
none
bedform‐generated
and background
none
background

Relative to the ‘static‐vel.’ scenario.
Relative to the ‘flat‐bed, static‐vel.’ scenario.

a

b
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contribute to the net upward flux of near‐bed suspended sediment: (1) an expansion of the near‐bed shear layer at a bedform
crest preceding eddy development that sucks near‐bed sediment upwards and (2) the inclusion of flow with relatively high
sediment concentrations sourced from within the recirculation
zone on the bedform lee side into the eddy structure during
the eddy development and shedding process. In a laboratory
experiment employing fixed acoustic Doppler velocimetry
and optical turbidity sensors, Venditti and Bennett (2000) generally confirmed the results of Schmeeckle et al. (1999) and found
that near‐bed sediment launched higher into the flow column
by bedform‐generated turbulence accounted for nearly all of
the sediment suspension occurring during their experiment.
Bradley et al. (2013) provide field evidence that dunes may
promote locally high sediment transport concentrations without the production of a significant turbulent wake. In a study
of low‐angled dunes in the estuarine reach of the Fraser River,
they found that vertical, topographically induced currents generated over the stoss‐side slope of a dune were responsible for
lifting significant fractions of near‐bed sediment into the flow
column and served as the source for up to 69% of the total
suspended‐sediment transport passing over the dune. In a similar field study of an estuarine reach of the Elba River, Kwoll
et al. (2013) found that tides heavily modulated the influence
of the turbulent wake on suspended‐sediment transport. They
report that, during tidally induced periods of slack water, low
river velocities passing over bedforms did not generate adequate turbulence to influence suspended‐sediment behaviour.
As tides shifted and near‐bed flow velocities accelerated, turbulence structures generated in the lee of bedforms became
increasingly important drivers of total suspended‐sediment
transport flux. In the final stage, when the tidal conditions produced the maximum channel flow velocities, the influence of
the bedform‐generated turbulence on the suspended‐sediment
flux deteriorated as the influence of bed stress became the
dominate driver.
Our numerical results show that particles are preferentially
located within eddy structures and that the eddies are efficient
at lifting near‐bed sediment particles higher into the flow column. This phenomenon has been documented in the field for
decades (e.g. Kostaschuk and Church, 1993); however,
high‐resolution illustration of the interaction between turbulence and suspended particles, as presented in our study, is
rare. Figure 12 shows that in the downstream model domain,
the upper flow column is predominantly populated with sediment particles lifted upwards from a near‐bed position by the
wake turbulence, evidenced by the preponderance of particles
with negative mean settling velocities in that area.
As referenced in the Introduction, there has been considerable research on the effect of nonlinear drag force on particle
settling. While this effect, which can impact sediment settling
in isotropic (non‐directional) turbulence, has primarily been
investigated in well‐constrained flow conditions numerically
or in the laboratory (Nielsen, 1993; Brucato et al., 1998;
Fung, 1998; Fornari et al., 2016), it has been hypothesized to
have a significant impact on suspended sediment in rivers
(Murray, 1970). To approximate the general magnitude of the
nonlinear drag effect on particle settling in the hydrodynamic
conditions simulated in this study, we performed a simple
one‐dimensional (1D) modelling experiment (fully described
in the online Supporting Information). In our 1D experiment,
we calculated particle settling using the same equations of particle movement as in our 3D model [Equations (1)–(10)] but
with simplified flow velocity: horizontal flow was set to zero,
while vertical flow velocity was approximated as a sine wave
with zero mean value. We simulated a range of turbulent intensities by varying the amplitude and frequency of the sine wave
© 2020 John Wiley & Sons, Ltd.

in a manner similar to Murray (1970) and Stout et al. (1995).
We found that for turbulence intensities in the range observed
in the lower Mississippi River (McQuivey, 1973), the nonlinear
drag effect may significantly reduce mean particle‐settling
velocities up to approximately 10%. However, the largest
realistic turbulence intensities tested did not reduce
particle‐settling rates to the extent observed in our 3D modelling results, which suggests that mechanisms related to anisotropic turbulence have a far greater influence on sediment
settling through bedform‐generated turbulence.
Our study simulated turbulence generated from a bedform
with a 14° lee‐side slope angle. While we did not perform statistical tests to identify the frequency of the instances of predicted flow separation, qualitative observations suggest that a
significant fraction of the flow separation occurring above the
bedform lee‐side slope was permanent. Field and laboratory
observations (e.g. Kostaschuk and Villard, 1996; Best and
Kostaschuk, 2002; Lefebvre et al., 2014; Kwoll et al., 2016) of
flow over dunes suggest that permanent flow separation typically only occurs over the lee‐side slope near the angle of
repose (i.e. ~30°), although other numerical modelling studies
(e.g. Paarlberg et al., 2009; Lefebvre and Winter, 2016) have
predicted that permanent flow separation may occur from
dunes with lee‐side slope angles between 10 and 20°. Research
on dunes with variable lee‐side slope angles typically suggests
that smaller angles produce systematically smaller and more
intermittent instances of separated flow (Best, 2005; Kwoll
et al., 2016).
Our numerical model simulated 3D flow, however, for simplicity, the bedform morphology incorporated into the model
domain did not vary in the cross‐stream dimension. The influence of 3D properties of dunes and dune fields on
reach‐scale flow, sediment transport, and channel morphology
has been well documented in the field (e.g. Dietrich and
Smith, 1984; Parsons et al., 2005; Herbert and Alexander, 2018), laboratory (e.g. Venditti, 2007), and by numerical
modelling (e.g. Johns and Xing, 1993; Omidyeganeh and
Piomelli, 2013; Chen et al., 2015). Of particular relevance to
our study, Lefebvre (2019) used numerical modelling to show
that the lateral orientation of the lee‐side slope relative to the
mean direction of the flow passing over the bedform is a primary control of the lee‐side flow separation and turbulent wake
production. Lefebvre (2019) found that as the lee‐side slope
became less perpendicular to the mean flow direction, flow
separation was reduced. The exclusion of bedform
three‐dimensionality in our model should be considered when
extrapolating our results to natural rivers.
This study focused on how bedform‐generated turbulence
impacts the settling of medium sand‐sized particles. The settling behaviour of different particle size fractions may be substantially different than that identified by our study results.
Medium sand settling was strongly sensitive to the range of
bedform‐generated turbulence simulated in our study. This sensitivity was likely promoted by the fact that, as medium sand
particles settled from the outer flow column into the turbulent
wake zone, the ratio of their WS to the local turbulent intensity
(UZ′RMS), which may serve as a criterion for transport mode
(Raudkivi, 1998), became increasingly supportive of particle
suspension (shifting from WS /UZ′RMS >1 to WS /UZ′RMS <1).
Settling of particle‐size fractions that do not experience a
significant shift in their WS /UZ′RMS ratio upon contact with
the wake zone, either maintaining consistent strong suspension
(WS /UZ′RMS <<1) or a lack of suspension (WS /UZ′RMS >>1),
would be relatively insensitive to bedform‐generated turbulence. Based on the range of turbulence intensities predicted
for the bedform wakes in this study, the settling behaviour of
particles smaller than fine sand (WS for fine sand ¼ 0.01ms1)
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or larger than very coarse sand (WS for coarse sand ¼ 0.15ms1)
would not likely be significantly impacted.

Implications for suspended‐sediment
concentrations and bedform dynamics
Our study illuminates how turbulence contributes to a reduction in sediment‐settling rates, which may have a substantial
effect on suspended‐sediment transport and bedform dynamics. A general reduction in settling rates increases the time a
particle of bed sediment will spend suspended in the flow column and, if particle entrainment processes are negligibly
affected by the reduced settling (e.g. if there is no corresponding sediment‐supply limitations or turbulence dampening)
(VanSickle and Beschta, 1983; Sheng and Villaret, 1989), will
result in higher suspended‐sediment concentrations. While
previous studies focusing on bedform‐generated turbulence
often identify higher concentrations of suspended sediment in
the bedform‐wake area (Lapointe, 1992; Kostaschuk and
Church, 1993; Venditti and Bennett, 2000), the effect of
bedforms on reach‐scale suspended‐sediment concentrations
is less well understood as bedforms modify sediment transport
by additional (sometimes offsetting) mechanisms, such as by
increasing flow resistance (Smith and McLean, 1977;
Naqshband et al., 2014).
Increasing suspended‐sediment transport over subaqueous
dunes has typically been shown to flatten the dune morphology
(Bridge and Best, 1988; Bennett et al., 1998; Kostaschuk and
Best, 2005; Hendershot et al., 2016; Bradley and Venditti, 2019).
This flattening may result from a reduction in the angle of the
lee‐side slopes and from a decreased relative contribution of
bedload transport, which predominantly drives bedform growth
and steepening (Simons et al., 1965; Carling et al., 2000;
Jerolmack and Mohrig, 2005) to the overall sediment flux.
When increased suspended‐sediment transport is also associated with a significant increase in sediment transport capacity,
apparent dune flattening may result from the transition to an
upper‐stage plane bed (Simons and Richardson, 1961). There
are some contrasting observations from natural channels that
identified a positive relationship between suspended‐sediment
transport and dune height (e.g. Allen, 1978; Gabel, 1993;
Amsler and Schreider, 1999), but in those instances the increase
in dune height resulted from amalgamation of multiple dunes
(Best, 2005; Reesink and Bridge, 2007).
In the event that dune flattening is caused by reduced slope
angles, it is generally assumed to produce less flow acceleration over the stoss‐side slope (Nelson et al., 1993) and a smaller
zone of flow separation on the lee side of the dune (Best and
Kostaschuk, 2002; Kwoll et al., 2016), which results in a less
intense turbulent wake. As suggested by this study, reduced
wake intensity generally promotes faster particle settling and
could potentially lead to decreased suspended‐sediment transport rates within the bedform‐wake zone. However, the impact
of dune flattening on reach‐scale suspended‐sediment transport
is less certain. Lefebvre and Winter (2016) show that the
hydraulic roughness produced by bedforms is positively related
to the lee‐side slope angle and dune height relative to flow
depth. Reduced roughness results in increased flow velocities
that would promote increased suspended transport rates generally (Raudkivi, 1998).
A relatively explicit result of this study is that suspended‐
sediment particles passing over a bedform crest will, on average, contact the channel bed further downstream under the
influence of turbulence than without it. In the context of a
dune field, by increasing the area over which particles
© 2020 John Wiley & Sons, Ltd.

passing over a dune will contact the bed, turbulence ‘diffuses’ the contribution of those particles to a larger number
of downstream dunes. In cases where the deposition of
suspended sediment plays an integral part in the dune
dynamics, this increase in mean settling trajectory length
could ultimately lead to the diffusion of dune properties
(e.g. flattening or increased wave length) and, as particles
moving in suspension have higher average velocities than
particles moving in contact with the bed, higher bedform
translation velocities (Hand and Bartberger, 1988; Prent and
Hickin, 2001; McElroy and Mohrig, 2009; Parsons and
Best, 2013; Naqshband et al., 2014). In cases where
suspended sediment is not a significant driver of dune
dynamics, increased trajectory lengths would lead to higher
instances of particle ‘bypassing’ for individual dunes (Mohrig
and Smith, 1996; Naqshband et al., 2014). In the model of
dune evolution postulated by Mohrig and Smith (1996), particles suspended over a dune crest must interact with the
stoss‐side slope of the downstream dune if that particle is
going to contribute to the net translation of dunes within a
field; particles bypassing the stoss‐side slope contribute to
the fraction of the sediment load not represented by
the bedform sediment flux. Given the assumptions of
that model, by increasing the settling trajectory length,
bedform‐generated turbulence decreases the overall flux of
sediment transported in bedforms. It is logical to assume that,
in cases where particles bypass one dune to contribute to
another dune further downstream, the bypass would lead to
decreased symmetry between neighbouring dunes rather than
an overall reduction in bedform sediment flux.

Implications for suspended‐sediment transport and
morphological modelling
A common method to model suspended‐sediment transport is
to incorporate the Rouse number as a criterion for particle suspension. While initially developed to predict equilibrium sediment concentration profiles under uniform flow conditions
over a flat‐plane bed, models reliant on a Rouse number‐type
approach have been used to predict suspended‐sediment transport in a range of dynamic hydrodynamic environments
(Gelfenbaum and Smith, 1986). Our study provides additional
evidence that the Rouse number is not necessarily applicable
in the proximity of bedforms (Atkins et al., 1989; Bennett
et al., 1998; Schmeeckle et al., 1999). The Rouse number relies
on the near‐bed shear velocity (u*) as an estimate of the
net‐upwards vertical force balancing the downward pull of
gravity on a particle (McLean, 1992; Leeder et al., 2005); however, as shown in our study, the typically strong correlation
between u* and UZ′RMS (Raudkivi, 1998) breaks down under
the influence of bedform‐wake turbulence (e.g. Figure 5). This
lack of correlation derives from the fact that much of the
bedform wake is generated from shear at the flow separation
zone on the lee side of the bedform rather than shear at the
bed, which may have a significantly different velocity distribution (Nelson et al., 1995).
Due to the substantial effect of bedform‐generated turbulence on sediment settling, morphodynamic models that disregard this effect may over‐predict sediment deposition in the
area downstream of the bedform and misrepresent sediment
transport rates generally. As observed in our study, the presence
of turbulent structures that significantly influence sediment settling and suspension may become unidentifiable in the mean
flow field (Chang et al., 2011). Suspended‐sediment models
based on temporal‐averaged hydrodynamics and gradient
Earth Surf. Process. Landforms, (2020)
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diffusion would not resolve these turbulent structures or the relatively high loads of sediment transported within them. Further,
models that do not fully resolve the key structures of the wake
turbulence, such as the eddy dynamics (e.g. those that use turbulence statistics to incorporate the mean impact of turbulence, such as RANS‐based models), may not accurately
predict sediment deposition in the wake zone (Keylock
et al., 2014). This is because the properties of the discrete turbulence fluctuations, in terms of the fluctuation magnitudes
and durations, have been shown to be substantially better correlated to the resultant sediment transport than the temporally
averaged fluctuation values due to the highly nonlinear positive
relationship between flow velocity and sediment flux (McLean
et al., 1994; Nelson et al., 1995; Hurther and Lemmin, 2003;
Bhaganagar and Hsu, 2009; Lelouvetel et al., 2009;
Schmeeckle, 2015). Recent research (e.g. Chang and
Scotti, 2003; Tominaga and Stathopoulos, 2011; Keylock
et al., 2012; Alvarez et al., 2017) has shown how
turbulent‐resolving models, such as those employing LES, more
accurately predict flow and particulate transport than models
reliant on turbulent statistics.
In geomorphic models of river systems, bedforms are often
assumed to reduce suspended‐sediment transport by adding
roughness to the channel bed and decelerating the overall flow
velocity (van Rijn, 1984; Garcia and Parker, 1991), despite a
growing breadth of field evidence that suggests this assumption
may not be universally applicable (Rood and Hickin, 1989;
Kostaschuk and Church, 1993; Venditti and Bennett, 2000;
Kostaschuk et al., 2009; Bradley et al., 2013). As suggested by
our study, it is probable that due to the reduced settling in
the bedform‐wake zone, bedforms increase suspended
sediment‐transport rates locally in certain configurations. Studies of submerged vegetation (e.g. Yang, 2007; Ortiz et al., 2013;
Yager and Schmeeckle, 2013), which is also often regarded as a
roughness element similar to dunes (Vargas‐Luna et al., 2015),
have shown that it can promote sediment transport through
the persistent generation of turbulence dependent on stem morphology and density (Nepf, 1999; Yang and Nepf, 2018).

Conclusions
Our study objective was to quantify bedform‐generated turbulence influences on medium sand‐sized particle settling
in river‐like flow conditions and assess how that influence
might impact suspended‐sediment and bedform dynamics.
We used a numerical model to simulate 3D flow and
suspended‐particle fields to investigate sediment settling
through the wake of a large, dune‐scale bedform. To isolate
the effect of turbulence on sediment settling, we simulated
scenarios with and without temporally fluctuating flow. To
differentiate the effect of the bedform wake on particle settling relative to that of background turbulence alone, we simulated scenarios with and without a bedform present on the
channel bed.
On average, the presence of bedform‐generated turbulence
increased turbulence intensity within the model domain and
generally reduced particle‐settling velocities. Local values of
particle‐settling velocity and the settling trajectory of individual
particles were significantly influenced by anisotrophic turbulent structures resolved within the flow‐velocity field. Over
the model domain, bedform‐generated plus background turbulence reduced the settling velocity of suspended particles by
approximately 50% relative to that estimated in flow without
turbulent fluctuations. This reduction in settling velocity
resulted in 24% fewer particles becoming deposited within
the model domain. Background turbulence alone was
© 2020 John Wiley & Sons, Ltd.

calculated to have decreased settling velocity by up to 30%
and decreased deposition within the domain by 5%. Our study
examined a bedform with a relatively low lee‐side slope angle
(14°). Bedforms with larger angles near the angle of repose
(~30°) would likely generate more intense wakes with a greater
impact on particle settling.
The vertical‐particle velocity was only significantly different
than the vertical‐flow velocity for very short time periods after
high‐magnitude fluctuations in the vertical‐flow velocity. The
mechanism by which turbulence reduced particle settling
was attributed to the production of positively skewed
vertical‐velocity distributions. These distributions appeared to
vary in space and were related to the mean turbulence intensity
of the flow field.
The interplay between bedforms, the generation of turbulence, and sediment transport is complex, and the relative
impact of the related individual processes is difficult to detangle
from one another. Numerical modelling studies, such as this
study, that can simulate synthetic scenarios designed to isolate
the impact of processes and properties that cannot be isolated
in the real world, in a realistic physics‐driven manner, may be
of great use to improve our scientific understanding. To simplify
our study methodology, the basis of our analysis was a single,
simplified bedform and we limited our investigation to the
particle‐settling process and explicitly did not simulate
sediment‐particle entrainment.
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