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ABSTRACT
A direct numerical simulation of sediment transport

with a set of particles inspired by a natural sand sample
is conducted with a total of 28 types of particles. The
generated high fidelity dataset is used to analyze dune-
conditioned average fluid and particle fields. The average
bed shape, streamwise and wall-normal components of the
fluid and particle velocities are reported. The relative parti-
cle velocity at four different locations around a dune is also
presented. The streamwise velocity of the particle is smaller
than the fluid. This difference is larger on the stoss side than
on the lee side of a dune. In contrast, the magnitude of the
wall-normal component is higher in comparison to that of
the fluid. Moreover, it is highest on the lee side. Finally,
this study contributes to an improved understanding of the
fluid and particle fields around a particle cluster in fluvial
system.

1 INTRODUCTION
Recently conducted Direct Numerical Simulations of

sediment transport have provided many important insights
on particle erosion as well as on particle clustering (Vow-
inckel et al., 2016; Kidanemariam & Uhlmann, 2017; Jain
et al., 2017). These studies, however, represented the solid
phase as a set of spherical particles each with the same
diameter. Natural sediments, however, are neither perfect
spheres nor mono-disperse. In the literature, it is com-
mon practice to characterize sediments as triaxial ellipsoids
(Zingg, 1935; Smith & Cheung, 2002). The hydrodynamic
forces acting on a particle depend on its shape, thereby, in-
fluencing its transport in a flow. Additionally, polydisper-
sity influences the sediment transport by means of parti-
cle segregation that happens due to various reasons, such
as sorting at entrainment, kinetic sieving and equal mobil-
ity (Powell, 1998). To overcome this restriction the estab-
lished simulation methodology was generalized to multi-
shape and polydisperse particles and the paper reports on
first results obtained with such a particle set. To the knowl-
edge of the authors this simulation is the first DNS with

polymorph particles.

2 NUMERICAL METHOD
The continuous phase is governed by the unsteady,

three-dimensional Navier-Stokes equations for incompress-
ible fluids discretized with a second-order finite-volume
scheme on a staggered, Cartesian grid. The disperse phase
is represented by the equations of motion of all individual
particles and coupled to the fluid by an Immersed Boundary
Method (IBM) (Tschisgale et al., 2018). This allows simu-
lation of mobile particles with spatially resolved geometry.
For particle-particle interaction, a new impulse-based colli-
sion model was developed accounting for all forces acting
during a collision, such as normal contact force, tangential
frictional forces, and lubrication forces.

3 COMPUTATIONAL SETUP
The computational domain of size Lx × Ly × Lz =

108Dav×23Dav×36Dav was discretized with 1944×414×
648 equidistant cells, where Dav is the mass weighted aver-
age particle diameter defined in Eq. (1) below. The channel
is periodic in streamwise (x) and spanwise (z) direction and
is considered with a free-slip condition at the top and a no-
slip condition at the bottom wall and at the particle surfaces.
The bottom of the domain is constituted by a plane wall
located at the wall-normal coordinate y = 0. On top of it
6747 spherical particles of diameter Dav are positioned in a
hexagonal pattern. Subsequently, the wall-normal position
of these particles is varied by a random displacement ∆yp,
within the range −0.5Dav < ∆yp < 0.5Dav as introduced in
Jain et al. (2017).

Additional to the 6747 fixed particles, the mobile sed-
iment was composed of 42650 mobile particles of various
shapes and sizes. Their geometries and equivalent diame-
ters were determined according to the sand sample of Smith
and Cheung Smith & Cheung (2002). These authors mea-
sured the longest axis a, intermediate axis b, and smallest
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Reb Reτ Dav/∆x H/Dav D+
av ∆x+ ρp/ρf Fr Sh/Shc tin Ub/H Tav Ub/H

3432 343 18 17.6 19.5 1.08 2.55 1.26 5.62 175 270

Table 1. Dimensionless numbers characterizing the simulation. H: clear water height, Reτ : friction Reynolds number, ∆x:
cell size of numerical grid, Fr: Froude number, ρp: particle density, ρ f : fluid density, Sh: Shields number built with Dav, tin:
time marking the start of the averaging procedure, Tav: period over which dune-conditioned averaging is performed.
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Figure 1. Definition of mobile particles used in the present
simulation. a) Ratio of smallest axis to intermediate axis
plotted against the ratio of intermediate axis to longest axis.
Black circles represent the particles measured in Smith &
Cheung (2002). Dark blue dots represent the ratios used
in this simulation. b) Sieve curve representing the particle
size distribution of Smith & Cheung (2002) also used in the
present simulation. The percentile is defined as the total
mass of particles finer than a given diameter.

axis c, of 880 particles with different equivalent diameters
and plotted them according to the definition of Zingg (1935)
as shown in Fig. 1a. To define the set of particles used in
the present DNS, the particle shapes falling in each quad-
rant were averaged to provide one shape representing that
quadrant. These 4 shapes are marked as dark blue dots in
Fig. 1a. For constant particle density the mass-weighted
average is equivalent to the volume weighted average

Dav =
1
Vt

∑
Deq∈S

VDeq Deq , (1)

where Deq is the diameter of a volumetrically equivalent
sphere. Here, Vt is the total volume of the solid phase and
VDeq is the volume of particles with equivalent diameter Deq.

The set of equivalent diameters of the par-
ticles at Ehukai beach was measured to be
S = {0.55mm, 0.63mm, 0.74mm, 1.05mm, 1.24mm,
1.76mm, 2.72mm}. The weighted average of Eq.
(1) gives Dav = 1.4mm. Normalization with Dav
yields S = {0.39Dav, 0.45Dav, 0.53Dav, 0.75Dav,
0.88Dav, 1.25Dav, 1.93Dav}. In the present simula-
tion each particle size has the same mass percentile as the
corresponding size in the natural sediment of Smith &
Cheung (2002). As a result, there is a total of 28 types of
particles - 4 different shapes, and 7 different sizes.

These particles were initially placed at random posi-
tions in space and were allowed to fall freely in vacuum un-
til they come to rest. Afterwards, the fluid was introduced
with the streamwise flow driven by imposing a constant
flow rate via an additional volume force. The dimension-
less numbers characterizing the flow are provided in Tab. 1.
The friction velocity, uτ , required to define some of these
parameters was estimated as

√
τw/ρf by calculating the to-

tal shear stress τw at the sediment-water interface y = Hsed
defined below. The total shear stress is obtained from mo-
mentum balance with volume force driving the flow. For
this value the critical Shields number is Shc = 0.035 when
using Dav.

4 Methodology
An instantaneous snapshot of the simulation is shown

in Fig. 2. To calculate the height of the sediment bed a
porosity field φ(x, t) is defined such that φ(x, t) = 1 if the
Euler cell at position x = (x,y,z)T is fully occupied by the
fluid and 0 if it is fully occupied by a particle. Following the
recommendations of Kidanemariam & Uhlmann (2017) the
instantaneous height of the sediment bed as a function of
the streamwise coordinate x is then defined as the elevation
where the spanwise averaged porosity equals 0.9, i.e.

hs(x, t) = y |〈φ〉z=0.9 . (2)

Capart & Fraccarollo (2011) employed a similar
threshold value of 0.92 to define the top of the bed-load
transport layer. The fluid-sediment interface according to
Eq. (2) at many different times is shown in Fig. 3a with
the color of the lines representing time. A vertical shift was
added to the sediment bed height for clarity and to avoid
overlap of the lines. The average sediment-water interface
Hsed is then obtained by averaging hs(x, t) in streamwise
direction and over time. Furthermore, the spatial fluctua-
tions in the spanwise averaged sediment bed height are de-
termined as

h′s(x, t) = hs(x, t)−〈hs〉x(t) . (3)
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Figure 2. A snapshot of the particles in the simulation at t = tin. The particles are colored according to the wall normal
position of their center.
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Figure 3. The change in sediment bed height hs over the time. The y-axis of the profiles is shifted according to the time instant
of the profiles for clarity. The colors of the lines correspond to their time as shown in the color bar on the top. a) The original
sediment bed profiles hs. b) The space-time correlation Rst.

Based on h′s from Eq. (3) the space-time correlation func-
tion Rst(rx,δ t) can be defined as

Rst(rx,δ t) =
〈h′s(x, tin)h′s(x+ rx, tin +δ t)〉x√
〈h′2s (x, tin)〉x 〈h′2s (x+ rx, tin +δ t)〉x

, (4)

where rx and δ t are lags in space and time, respectively.
Such a function provides the information on how a bed form

propagates in time (Nikora et al., 1997; Coleman & Nikora,
2011; Kidanemariam & Uhlmann, 2017). Eq. (4) was eval-
uated yielding the result shown in Fig. 3b.

It can be seen that the streamwise location rm
x corre-

sponding to the maximum value of Rst changes with respect
to δ t. The values rm

x (δ t) are now used to perform the con-
ditional averaging (Kidanemariam, 2016). For this purpose,
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Figure 4. The space-time plots of the dune-conditioned
sediment bed profiles hc

s .

a shifted coordinate xc is introduced with

xc = x− rm
x (5)

and the upper index c is used for all dune-conditioned quan-
tities. The fluid-bed interfaces shown in Fig. 3a are again
drawn in Fig. 4 after the coordinate shift according to Eq.
(4). All particle and fluid fields are transformed accordingly
while accounting for the periodicity of the computational
domain. No transformation is carried out in the spanwise
and wall-normal direction. The conditionally time-averaged
fluid fields are assessed by

〈θ〉c(xc,y) =
1
Tf

1
Vf

tin+Tav∫
tin

∫
V0

φ
c(xc, t)θ

c(xc, t)dV dt , (6)

where θ is any fluid quantity, tin is the time when av-
eraging starts, Tav is the averaging period, and TfVf =∫ tin+Tav

tin
∫
V0

φ c(xc, t)dV dt. Here, Vf is the part of the vol-
ume V0 occupied by fluid and Tf is the total time when the
volume V0 was occupied by fluid even briefly. According to
Jain et al. (2017), an averaging volume V0 = 4∆x×4∆y×Lz
is used. Such an averaging procedure is known as intrinsic
averaging (Nikora et al., 2013). The particle-related fields
are calculated by converting the discrete information to a
continuum field at an instant t using

θp(x, t) =
Np,mob

∑
i=1

γ
i(x, t)θ

i
p(t) . (7)

with γ i the clipping function which returns all the cells oc-
cupied by the i th particle and θ i

p any physical quantity of
the i th particle. Then, the same operation as in Eq. (4) is
applied to determine the dune-conditioned particle related
fields.

5 Dune-conditioned fluid and particle fields
The streamwise and wall-normal components of the

dune-conditioned fluid and particle velocities, are shown
in Fig. 5. The dune-conditioned sediment-fluid interface
is indicated with a thick white line shown in all the sub-
figures. Two distinct dunes can be seen at xc ≈ 17Dav and
xc ≈ 81Dav. The latter is the more prominent one. Kidane-
mariam & Uhlmann (2017) observed one particle cluster in
a simulation with a computation domain as long as the one
used in the present case considering monodisperse spheres
at a different Shields number. The length of the compu-
tational box used here is larger than the minimum size re-
quired for pattern formation in the present case.

It can be noticed that the fluid fields, Fig. 5a and 5b,
are significantly modulated due to the underlying sediment
bed. The velocities in both directions are strongly corre-
lated to the form of the bed. As is expected, the mean fluid
and particle velocities are very small below the sediment-
fluid interface. Above the interface, however, the fluid ve-
locities exhibit large spatial variations. As the cross section
available for the flow reduces on the stoss side of the dune,
e.g. 60Dav ≤ xc ≤ 81Dav, the streamwise fluid velocity in-
creases due to mass conservation. Also, the wall-normal
component of the fluid velocity is positive in this region in-
dicating an upward moving fluid. The value of the stream-
wise and wall-normal mean fluid velocities are observed to
be highest in the region above the crest of the dune. On the
lee side of the dune, e.g. 82Dav ≤ xc ≤ 95Dav, the fluid
decelerates and moves downwards.

The recirculating flow in the lee side found in many ex-
periments conducted with fixed and impermeable dunes, as
reviewed in Best (2005), is not visible here. While study-
ing experimentally the fluid field over a single permeable
dune fixed on a permeable bed, Blois et al. (2014), how-
ever, observed flow fields qualitatively similar to the one
obtained in the present simulation. They found that a kind
of vertical jet emerges from the pore space of the bed and
the dune modifying the flow on the lee side. This was also
observed later in the numerical study conducted by Sinha
et al. (2017). Additionally, the dunes in the present sim-
ulation are moving in contrast to the cited studies. In fact
the conditionally averaged particle structures are not com-
posed of resting particles but of a highly concentrated fluid
particle flow with fairly chaotic behavior.

The particle velocity fields shown in Fig. 5c and 5d
exhibit the same behavior as the fluid fields. The particles
get lifted up and accelerate on the stoss side of the pattern,
whereas they decelerate and get deposited on the lee side
of the dune. Above y = 12Dav single trajectories are ob-
served with individual particles occasionally moving quite
high. These events are rare, though, so that averaging is
delicate in this region. Comparing the contour plots of the
fluid and particle fields, it can be noticed that the particles
have smaller mean streamwise velocity and higher magni-
tude of the wall-normal velocity compared to the fluid. To
best of our knowledge, there is no available experimental
study which presents the particle velocity fields of a propa-
gating sediment cluster to compare to.

For a detailed quantitative comparison of the fluid and
particle averaged fields, the relative velocities in the stream-
wise and wall-normal direction are defined as

〈ur〉c = 〈up〉c−〈u〉c , and (8a)

〈vr〉c = 〈vp〉c−〈v〉c , (8b)
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Figure 5. Dune conditioned two dimensional mean fluid and particle fields. a) Streamwise fluid velocity 〈u〉c/Ub, b) wall-
normal fluid velocity 〈v〉c/Ub, c) streamwise particle velocity 〈up〉c/Ub, and d) wall-normal particle velocity 〈vp〉c/Ub. The
thick white line represents the dune-conditioned average sediment bed. The four dotted lines are the positions where fluid and
particle velocity fields are quantitatively compared in Fig. 6 below.

respectively. The wall-normal profiles of 〈ur〉c and 〈vr〉c
at four different locations xc = 53Dav, 73Dav, 81Dav, and
93Dav are drawn in Fig. 6. The graphs are plotted only
up to y = 12.5Dav, where the particle concentration is high
enough to get converged statistics. Additionally, the height
of the sediment bed at the respective streamwise positions
are marked as the horizontal lines on the graphs.

The porosity averaged over time and in x- and z-
direction is shown in Fig. 6a. Since the average porosity
〈φ〉 = 〈φ〉xzt is almost one for y > 10Dav, the wall nor-
mal profiles of the relative velocities are plotted only up
to this height. The particle relative velocity in the stream-
wise direction is plotted in Fig. 6b. It can be seen that
the maximum value of 〈ur〉c is largest before the dune crest
at xc = 73Dav and smallest on the lee side. Additionally,
the maximum value occurs at approximately 1Dav above
the sediment bed. Similarly, the wall-normal relative veloc-
ity plotted at Fig. 6c can be interpreted. Here, the largest
value is on the lee side and on the crest of the dune, whereas
the difference is smallest at xc = 73Dav. Additionally, the

maximum difference between the magnitudes of the par-
ticle and fluid wall-normal velocity occurs approximately
2.5Dav above the interface. These informations are crucial
to understand the turbulence and the exchange of energy be-
tween the sediment and the fluid.
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Figure 6. The average porosity and the particle relative velocities at four different locations around a dune. a) The wall
normal profile of the porosity averaged over time and in the streamwise and spanwise direction. b) Dune conditioned average
streamwise relative velocity, and b) wall-normal relative velocity. The chosen streamwise locations are mentioned in the legend
and drawn as dotted lines in Fig. 5. The horizontal lines on the profiles represent the position of the sediment bed at the
respective streamwise position.
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