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1 Introduction

Dispersion of particles in a turbulent wall-bounded flow is an important topic in many applications
in industry and environment. Think for instance of small particles in exhaust gases which pollute
heat exchangers in biomass furnaces or of turbulent mixing processes in chemical and pharmaceutical
industry. For numerical simulation of particle-laden turbulent flow various approaches are available. A
first distinction can be made in the approach chosen to model the particles. In the Eulerian approach
particles are modeled by an equation for the particle concentration, whereas in the Lagrangian approach
individual particles are tracked by solving their equation of motion. The second distinction is the way in
which the fluid is described. At one extreme is direct numerical simulation, DNS where all relevant length-
and time scales of the fluid motion are resolved, which is only possible at low Reynolds numbers and
simple geometries. In Reynolds-averaged Navier-Stokes, RANS only the mean fluid quantities are solved
and the effect of turbulence on the mean flow is modeled by a turbulence model. The computational
resources required are negligible compared to DNS, but the predictive capability of the method is limited.
Especially in case of the interaction between particles and turbulent flow in boundary layers the isotropy
assumed in the most often applied turbulence models might could make the results of RANS questionable.
Large-eddy simulation, LES could offer a way out. In LES only the larger scales of the flow are resolved
and the effect of the smaller scales on the large scales is modeled by a subgrid model. With respect to
computational requirements LES is positioned between RANS and DNS. Uncertainty in the model is
less than in RANS, since the small scales of the flow are believed to be more universal and presently
various subgrid models are available which have proved their validity for several types of flow. However,
the treatment of particles in LES is still a relatively new topic. Open or partly open questions can still
be found in e.g. the effect of the subgrid scales on particle behavior and the modeling of the interaction
between two particles, between particles and fluid and between particles and walls. In this benchmark a
Lagrangian-Eulerian model will be chosen, in which the particles are modeled by an equation of motion
for each particle and the fluid by LES. The objective of this benchmark is to obtain a large database
on results obtained with different numerical methods, subgrid models and physical models in order to
resolve questions about the validity of these models.

In the next section a base simulation is described, which should be considered as a starting point for
all participants. This specific simulation has been chosen since it has also been used as a benchmark
for DNS of particle-laden turbulent channel flow [1]. Therefore, the quality of the LES results can be
estimated by comparison with the DNS benchmark results. In the final section possible extensions of
the base simulation are suggested. The complete datasets of the DNS benchmark can be downloaded
from the web at

http://cfd.cineca.it/cfd/repository/.

2 Base Simulation

Fluid

The base simulation is LES of turbulent incompressible flow in a channel with particles of three dif-
ferent sizes. Only one-way coupling is considered. The effect of the particles on the fluid and the



effect of collisions between particles is not taken into account under the assumption that the particle
concentration is low. Since many particles are simulated, this assumption is perhaps not always true,
but a large number of independent particles makes it possible to increase the statistical accuracy by
averaging over the particles. The parameters of the base simulation are specified in the table below in a
non-dimensionalized way. To this end half the channel height H, the friction velocity u, and the fluid
mass density py are chosen as length, velocity and density scale. In real dimensions the parameters
correspond for instance to a friction velocity of u, = 0.11775 m/s, a fluid mass density of p; = 1.3
kg/m3, a kinematic viscosity of v = 1.57 x 107°m?/s and a half channel height of H = 0.02 m. The
friction Reynolds number is defined as Re; = ugq H/v.

Particles

In the base simulation one-way coupling is applied and only the drag force works on a particle. Hence,
the particle equation of motion reads:

dv  u(x,t)—v 0.687
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where v is the particle velocity and u(x,t) is the fluid velocity at the position of the particle, x. The
particle relaxation time is given by: 7, = ppdg /(18psv) with p, and d, the particle mass density and
diameter. The standard drag correlation for particles with particle Reynolds number Re, = |u—v|d,/v
smaller than 1,000 is applied [2]. The particles are chosen in such a way that the Stokes numbers, i.e.
the particle relaxation time in wall units, of the different particles equal 1, 5 and 25. Since the cut-off
scale of an LES lies within this regime of typical time scales, it is expected that disregard of the subgrid
scales affects the different particles in a different way. The Stokes number is defined as:
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Quantity Symbol Value
length of channel L, 4mH
width of channel L, 2 H
height of channel - 20
Reynolds number based on friction velocity | Re- 150
particle mass density Pp 769.23p
particle diameter type 1 dp1 1.019 x 1073 H
particle diameter type 2 dp 2 2.280 x 1073 H
particle diameter type 3 dp,3 5.099 x 1073 H

Table 1: Parameters of base simulation

Boundary and initial conditions

In the streamwise and spanwise direction the fluid flow is periodic. At the solid walls the no-slip
condition is applied. Particles collide elastically with the walls at the point where the distance between
the particle center and the wall equals the particle radius. If a particle leaves the computational domain
through a streamwise or spanwise boundary the fluid velocity at the particle position is found from the
periodicity of the velocity field. The simulation is started from a fully-developed statistically stationary
solution of the LES equations. Initially the particles are homogeneously distributed over the entire com-
putational domain. The initial velocity of a particle equals the fluid velocity at the particle position,
so that the initial acceleration of the particle equals zero. The time step should be chosen sufficiently
small compared to the particle relaxation time. In order to obtain accurate statistics, at least 100,000
particles of each kind should be tracked.

DNS results

The DNS results show that particles tend to move towards the walls of the channel by turbophore-
sis. The turbophoretic velocity depends on the Stokes number and increases with increasing Stokes



number in the regime of Stokes numbers considered in this benchmark. After a long time a statisti-
cally stationary situation appears in which the particle concentration has reached a steady state. For
St =1 and St = 25 this steady concentration is reached at approximately tT = 10,000, for St = 5 near
tT = 20,000. For St = 1 the particle concentration close to the wall is then approximately 4 times the
initial concentration cg, for St =5 it equals 70cq and for St = 25 approximately 150¢q [1].

Variable parameters

Many parameters of the simulations can be chosen by the participants. In this way it can be seen
how the accuracy of the results depends on the choices made.

e The numerical method of the LES and the particles: spectral or finite difference for the fluid
equations, order and method of time integration for particles and fluid.

e Resolution of the LES. For a resolved LES according to Piomelli and Balaras [3], a resolution in
the spanwise direction of Azt = 20 is needed. This would lead to approximately 64 Fourier modes
or grid points in this direction.

e Subgrid model in the LES: (dynamic) eddy-viscosity model, approximate deconvolution model,
variational multiscale model, etc.

e Interpolation method to obtain the fluid velocity at the particle position: tri-linear, fourth-order,
etc.

e Subgrid model in the particle equation of motion: this equation contains the (unfiltered) fluid
velocity, which is not available in an LES. How are the subgrid contributions to the fluid velocity
modeled in this equation? See e.g. [4,5]

It is very useful that participants investigate the effects of changing one or more of these parameters. For
instance: what is the effect of changing the order of interpolation on the resulting particle concentration?

Required quantities

In order to be able to compare the results at least the following quantities should be provided. All
quantities should be given in wall units and for particle concentration scaled with the initial particle
concentration and all quantities should be averaged over sufficiently long time.

e Mean fluid velocity, rms’s, skewness and flatness of all three velocity components, Reynolds stresses.
It should be specified whether or not subgrid contributions are included, and if so, in what way.

e Mean relative velocity in the wall-normal direction. This quantity is stationary after a small initial
transient in the DNS.

e Mean particle velocity in the other two directions, rms’s, skewness and flatness of particle velocity
and Reynolds stresses.

e Mean, rms’s, skewness, flatness and Reynolds stresses of fluid velocity at the particle position.
e Particle concentration at T = 1,000, 2,000, 3,0000, .. ..

e Average particle concentration in the steady state.

3 Possible Extensions

Participants are encouraged to perform apart from the base simulation at least one extension, which
concerns the physical model. Several suggestions for extensions are listed below.

e Extend the particle equation of motion with e.g. gravity (preferably in the (opposite) streamwise
direction) or lift force.

e Incorporation of two-way coupling (effect of particles on fluid) and four-way coupling (particle-
particle interactions). Several questions in this topic are still open: How should the point force
exerted by a particle on the fluid be distributed over neighboring grid points?



e Other particle-wall interaction by non-elastic collisions.

e Simulations at higher Reynolds number. For several Reynolds numbers extensive DNS fluid data
are available for comparison: Re, = 395 and 590 [6] and Re, = 547, 934 and 2003 [7]. For
Re, = 590 also LES results are available [8].

e Eulerian-Eulerian simulations in which the particles are modeled by an equation for their con-
centration. Open questions are the modeling of the fluid-particle interaction and particle-particle
interaction.

e Incorporation of effects due to the finite size of a particle.
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