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Abstract. Particle transportation in a fully developed turbulent duct flow is numerically
investigated under the effect of wall-normal gravity force. The hydrodynamic modeling
of the fluid phase is based on direct numerical simulation. The kinematics and trajectory
of the particles as well as the particle-particle interaction are described by the discrete
element method (DEM). By using a soft-sphere DEM where the particles and the walls
are specified by material properties in the simulation, the effect of collisions on the par-
ticle resuspension rate is discussed. The collisions are found to influence on the particle
resuspension rate near the duct floor whereas hardly affect the particle behavior near the
duct center.

1 INTRODUCTION

Particle transportation in a fully developed turbulent duct flow is commonly encoun-
tered in both engineering and environmental applications [1]. Under the action of the
wall-normal gravitational force, the particles may deposit on the duct floor. It is known
that there is the secondary flow of Prandtl’s second kind in turbulent duct flow [2], there-
fore, the depositing particles can be resuspended by this secondary motion as well as
collisions between the particles and between the particles and the walls. An understand-
ing of how these flows behave is of clear benefit to dig the mechanism of the particle-laden
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turbulent duct flow and extend the lifespan of context devices.
The information provided by the experimental study [3] is very limited. Nowadays, nu-

merical simulations are widely adopted to assist the reliable scale-up, redesign of different
processes due to the fact that numerical simulations can provide various information that
is extremely difficult to observe online by physical experimentation at this stage of devel-
opment. The single phase turbulent duct flow have been numerically investigated in [4, 5]
using direct numerical simulation (DNS) and in [6] using Large-Eddy Simulations (LES).
Moreover, Yao and Fairweather [7] performed a LES coupled with a Lagrangian Parti-
cle Tracking (LES-LPT) to investigate the particle resuspension mechanism in turbulent
duct flows. Then, this work was followed by Adams et al. [8] using Reynolds-averaged
Navier-Stokes equations with turbulent models (RANS-LPT). However, the inter-particle
collisions were neglected in [7] and [8]. Tanaka and Tsuji [9] have indicated that the effect
of inter-particle collisions is important even in dilute flow. In this study, we focus on the
DNS of particle-laden turbulent flows in a straight duct. The effect of collisions on the
particle resuspension rate is studied with special emphasis. Here the kinematics and tra-
jectory of the discrete particles as well as the particle-particle interaction are described
by the discrete element method (DEM) [10]. The DEM has been continually adopted
to investigate particulate flows [11, 12, 13] and multi-phase flows [14, 15, 16] due to its
natural advantage to characterize the granular matters. In this study, the interaction in
the DEM is based on the theoretical contact mechanics thereby it is possible to directly
use the material properties of the particle in the calculation. A small overlap between the
rigid particles is allowed to represent the physical deformation that takes place between
the contacting elements.

2 MATHEMATICAL DESCRIPTIONS

2.1 Governing equations and numerical methods for DNS

We consider the simulation of incompressible turbulent flows of Newtonian fluids. Un-
der these assumptions, the governing equations of the fluid phase read

{

∇ · uf = 0
∂uf

∂t
+∇ · (uf ⊗ uf) = −∇p + ν∇2uf

(1)

where uf and p represent the fluid velocity and kinematic pressure fields, respectively,
and ν is the kinematic viscosity. The incompressible NS equations (2) are discretized on a
staggered Cartesian grid using a symmetry-preserving discretization [17]. For the tempo-
ral discretization, a second-order explicit one-leg scheme is used for both the convective
and diffusive terms, the timestep is determined by a two-step linear explicit scheme on
a fractional-step method proposed by Trias and Lehmkuhl [18]. For details about the
numerical algorithms and the verification of the DNS code the reader is referred to [19].
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2.2 Modeling of the particle-particle and particle-fluid interactions

When the particles collide directly with other particles or the walls, the DEM [10] is
employed to calculate the collision force. The dynamic equations of a particle can be
expressed as:

{

m∂2S
∂t2

= m
(

1−
ρf
ρp

)

g + Fc + Ffpi

I ∂2θ
∂t2

= τ
(2)

where m and I are the mass and the moment of inertia of the particle, respectively. S is
the particle position and θ is the angular position. ρf and ρp are the densities of the fluid
and particle, respectively. g is the gravitational acceleration and τ is the torque. Fc and
Ffpi are the collision force and the fluid-particle interaction force, respectively. In this
study, the particles and walls are directly specified by material properties in the simulation
such as density, Young’s modulus and friction coefficient. When the collisions take place,
the theory of Hertz [20] is used for modeling the force-displacement relationship while the
theory of Mindlin and Deresiewicz [21] is employed for the tangential force-displacement
calculations. For details about the theoretical illustration of the interaction law, the
readers are also referred to our previous study [22].

The fluid-particle interaction force Ffpi is constituted by the Stokes drag force and
the lift force that are related to the relative velocity between the fluid and particle,
Ur = uf − up,

Ffpi = 0.5ρfApCD|Ur|Ur + 1.615mpdpρfνRe0.5s cls
Ur × ω

|ω|
(3)

where Ap is the cross-sectional area of the particle which is given as Ap = 0.25πd2p, dp is the
diameter of the particle. CD = 24(1+0.15Re0.687p )/Rep is the drag coefficient. The particle
Reynolds number Rep = |Ur|dp/ν. Res = ρpd

2
p|ω|/(ρfν) is the particle Reynolds number

of the shear flow in which ω = ∇ × Ur stands for the fluid rotation. When Rep > 40,
cls = 0.0524(βRep)

0.5. When Rep ≤ 40, cls = (1− 0.3314β0.5)e−Rep/10 + 0.3314β0.5. Here,
β is a parameter given by β = 0.5Res/Rep (for 0.005 < β < 0.4).

3 RESULTS AND DISCUSSION

The configuration of interest in this study is a straight duct with square section. The
computational domain is 4πh× h× h in the streamwise and wall-normal directions, h =
0.02m. The Reynolds number based on the friction velocity, uτ , the hydraulic diameter,
h and the kinematic viscosity ν is Reτ = huτ/ν = 300. Periodic boundary conditions
are applied in the streamwise direction. The carrier fluid is water with the density ρf =
1000kg/m3 and the kinematic viscosity ν = 1.004 × 10−6m2s−1. The flow is driven by
means of a constant pressure gradient in the streamwise direction. No-slip boundary
conditions are imposed at the walls. The direction of the gravitational action is set along
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z−direction downwards. The computational domain is covered a 322×202×202 uniform
staggered mesh, by doing so, the grid point closest to the sidewalls is at ∆y+min = 0.75.
Therefore, the grid resolution is fine enough to resolve all the relevant turbulent scales.
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Figure 1: Two-point correlations at nine monitoring locations.

A sufficient length in the periodic x−direction is required to ensure that the two-
point streamwise correlations of the velocity decay sufficiently for separations equal to
half the streamwise length. This issue has been fully discussed in [4], however a long
length (10πh) was employed by the author for safety. Based on the research of Uhlmann
et al. [23], the minimum value for the streamwise period of the computational domain
measures is around 190 wall units and roughly independently of the Reynolds number. In
this study, the streamwise two-point correlations, Rφφ(∆x, y, z) = <φ′(x,y,z)φ,(x+∆x,y,z)>

<φ′2(x,y,z)>
, at

different (y, z)−locations have been used to check the suitability of the numerical simula-
tion parameters in the x-direction, where < · > represent the average over time. In Fig. 1,
two-point correlations of the velocity component, Rww, at nine different (y, z)−locations
are shown. In all the cases, the correlation values fall to zero for separations lower than
one half-period. Therefore, the computational domain in the streamwise direction is suf-
ficiently large. From Fig. 1 it also shows the possibility to use a shorter streamwise length
like 2πh in [24]. However, any cut on the streamwise length leads to a marked increase
on the statistics period.

Fig. 2 displays the quadrant-averaged v−w velocity vectors in the cross-section of the
duct. As expected there are four pairs of counter-rotating vortexes with a symmetrical
distribution. The velocity vectors are from the core to the corners which deliver fluid
momentum. When approaching the corners, the fluid turns half a right-angle then flows
along the wall until encounters another flow from the other corner, they flow back into
the duct center together.

The above fully developed turbulent flow is used as an initial condition for the multi-
phase flow simulation, 20000 particles of 50 µm are randomly placed in the fully developed
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Figure 2: (a) Mean secondary flows in y− and z−directions. (b) The zoomed view in the first quadrant
with the contours for the mean streamwise velocity component

turbulent flow field. The properties of the particles are given in Table. 1 in which the di-
mensional and non-dimensional particle relaxation time are defined as τp = ρpd

2
p/(18ρfν)

and St = τpu
2
τ/ν, respectively. Numerical simulations are carried out with and without

collisions, respectively. Fig. 3 displays the snapshot of the particle and velocity distri-
butions in the duct with collisions. For the sake of clarity, only 20% of the particles are
shown without changing the main trend of the distribution characteristic. It is shown
that the instantaneous particle distribution is obviously influenced by the secondary flows
that lead to a progressive segregation of the particles within the upper half of the duct
and accumulation within the lower half.

dp d+p Ei ρp νi τp St
(µm) (-) (GPa ) (kg ·m−3 ) (-) (s ) (-)
50 0.75 68.95 2500 0.33 3.46× 10−4 0.078

Table 1: Parameters of the particles used in the simulations.

The lower half of the duct is separated into 50 squares, namely five partitions in
the z−direction and ten partitions in the y−direction, each region in the z−direction
containing ten squares is marked by A, B, C, D, E as shown in Fig. 2. The resuspension
rate is defined as the ratio of the number of resuspended particles to the total number of
particles within each square. Fig. 4 shows the resuspension rate with and without collisions
where the solid lines stand for the resuspension rate with collisions while the dashed lines
stand for those without collisions. From left to right, it is shown that the resuspension
rate without collisions decreases with the height in duct which agrees with the strength
of the secondary flows at different heights, the resuspension rate with collisions is a little
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Figure 3: 2D snapshots of particle distribution with velocity vectors at t = 12s. Red point for the
particle, black arrow for the velocity.

bit lower than that without collisions in Region A and B. However, the resuspension rate
with collisions is higher than that without collisions in Regions C, D and E.
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Figure 4: Particle resuspension rate in the z−direction for 50 µm particles. Solid line: with collisions.
Dashed line: without collisions.

4 CONCLUSIONS

In this paper, the effect of collisions particle resuspension in turbulent duct flow has
been numerically investigated via DNS-DEM, the effect of the inter-particle collisions on
the particle suspension rate has been discussed. According to the results of the analysis,
the following conclusions can be made.

- In the inner regions, the inter-particle collisions increase the deposition rates of the
particles.
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- In the region near the duct floor, the particle resuspension rates are significantly
enhanced by the collisions.
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