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Background of particle-laden turbulent flows

@ Turbulent dispersed multiphase flows are common in many
engineering and environmental applications.

o Examples are industrial sprays, water saturation, internal
combustion engines and pollutant transport.

@ The stochastic nature of both the carrier-phase turbulence and
the dispersed multiphase distribution makes the problem of
turbulent dispersed multi-phase flow far more complex than
its single phase counterpart.
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Introduction

Motivation

@ Padinotti et al. 1992: One-way DNS = Particle distribution near
wall

Eaton et al. 1994: One-way DNS = Particle distribution
Wang et al. 1996: One-way LES = Preferential concentration
Pan et al. 1997: Two-way DNS = Particle distribution

Yamamoto et al. 2001 LES + Lagrangian method = Turbulence
attenuation + Preferential concentration

@ Our work. 2011 DNS + Discrete element method (DEM) =
Turbulence dispersion + Preferential concentration
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Introduction

Outline of current works

Numerical schemes:

@ A Direct Numerical Simulation DNS was performed to
simulate the Navier-Stokes equations.

@ The kinematics and trajectory of the discrete particles as well
as the particle-particle interaction were predicted by Discrete
Element Method DEM.

@ Two way coupled considered
Targets of the work:

@ Preferential concentration.
@ Turbulent dispersion.

@ The effect of collision models.
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Governing equations

Incompressible Navier-Stokes:

Oe
E—FV (eu) =0
ag:) + V- (eu®@u) = vV?u—Vp—Fyr/p;

where € is the void fraction or porosity, F,s represents the particle-fluid
interaction force per unit volume.

F, is given by the sum of forces of all particles in a fluid computational
cell,

Neeu
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cell i=1

Ffp—

where Vg is the volume of the cell, Ny is the number of particles in the
cell.
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The CFD algorithm for incompressible flows

Discrete system for pressure-velocity coupling:

"ty _ 3pn_ 1pn—1 n+1
A =Rt gRTT - vp /
o v -u"tl=0

° where R(U) — C(U)U _ DU + f 1. Predictor velocity field, u” is obtained explicitly

2. Correction, ﬁ, is obtained from the Poisson equation

N

The algorithm of the time step \

3. Resulting velocity field, u'”l, is obtained

Franctional step projection method: S Erierayiedualionisasivadiexpilcity.

o uP =u"+At(3R"— R /
o vt = uP — yp, where p = Atp™t!
°o v-ul = v -u"t 4+ (VD)
@ Poisson equation: Ap = yuP
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Turbulent simulation conducted in CTTC

Direct Numerical Simulation:

@ Incompressible turbulence flows with heat transfer

@ High order numerical schemes

@ Simplified geometry but complex physical
phenomena

@ High space and time resolution and long time
intergration preiod
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Discrete Element Method

When the particles are not in direct contact among themselves but driven
only by the fluid flow and body force, their motion can be determined by
Newton's equation of motion:

ma = frpi +mg

where m and I are respectively the mass and the moment of inertia of a
particle, @ is the angular position, a is the acceleration, g is the
gravitational acceleration if considered, 7 is the torque, and fy,; is the
particle-fluid force.
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Modelling of particle-fluid and particle-particle interactions

The coupling scheme

the particle-fluid force, fyp;, is given as:

w
fpi = 0.5pg Apluy — up|(Cp(uy —up) + CrLr(us — up)

X —R)

|wr|
where A, is the cross-sectional area of the particle as A, = O.257rd12), and
Cp = (24/Re,) f is the drag coefficient, f is the modified factor for the
Stokes drag force, described as f =1 —|—0.15R62'687 when Re, < 1000, the
particle Reynolds number Re, = |uy — up|d,/v, where d,, is the particle
diameter, v is the kinematic viscosity of the fluid. wg is the particle
rotational velocity relative to gas vorticity. The lift coefficient Cr is
obtained from the experimental data:

dp’wR’ ]

Crr = min[0.5,0.25
g = upl|

23th International Conference on Parallel Computational Fluid Dynamics 2011



Gridmapping: staggered to Lagrangian

Local averaged values of the fluid velocities are required due to the numerical
solution method these variables are only known at discrete nodes:

Qij Qii,jj
‘ Ai Qi + AiijQiiyg + Aiijj Qiigj + Aijj Qi

Q= DXDY
Aij i Ayj
DY
6 A;j = (DX —6,)(DY —4,)
A 8 A Amj = 53;(DY - 52/)
Q +————mmmm A”,]J B 6m5y
] Qi
DX Aijj = (DX —0z)0y
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Modelling of particle-fluid and particle-particle interactions

Interaction law dominate

" all positions and
article T W Setof
0 ng\e o Oma%

Law of Motion Force-Displacement Law
(applied to each particle) (applied to each contact)
= resultant force + moment « relative motion

« constitutive law

Net
acceleration

Interaction . Position at time
forces ¢ t + nAt

23th International Conference on Parallel Computational Fluid Dynamics 2011



Modelling of particle-fluid and particle-particle interactions

The interaction law between the particles

Normal interactions(Hertzian model): The normal force-displacement
(P-«) relationship for particles 1 and 2 with elastic moduli E; and Es,
Poisson’s ratio v; and v and radii R; and Ry .

3

a=vVaR*

where ¢ is the radius of the contact area and

E* E By

111
R* R; Ry

1 :1fy12+1fy§
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The interaction law between the particles

Tangential interactions: The incremental tangential force AT arising from an

incremental tangential displacement Af depends on the loading history as well as
the normal force and is given by:

AT = 8G*abpAd + (—1)*uAP(1 — 6y,)
where 6, = 1 if | AT |< uAP otherwise

o (T HpAP) s,
O = (1 P ) k=0

o (DT =Ty) +2uAP) gy,
O = (1 P )Pk =1,2

where k£ = 0,1, 2 represent loading, unloading and reloading paths respectively, is

the coefficient of friction, is the historial tangential force at which loading or
reloading commenced and

4o 1
G* Gy Go
G denoting the shear modulus.
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Contact detection

Modelling of

uid and particle-particle interactions

1. Find the maximum
space the objects
occupy:

2. Determine the
maximum size of the
objects:

3. Divide the space
into cells of the
maximum size:

4. Map each object to
a cell based on the
position of its lower.
upper corner or
central point:

Loop over all cells:

1. Check the overlap
between the objects
within each cell:

2. Check overlap of the
objects in the cell with
those in the
neighbouring cells (8 in
2D): Using the contact
symmetry. the number
of neighbouring cells to
be checked can be
halved
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Modelling of particle-fluid and particle-particle interactions

Speedup of the DEM code

The most expansive part of the DEM code is the contact detection and
motion calculation. So the loop that processes particle motion and
'boxing' is one of the main source of parallelism here, and as long as

approximately equal numbers of particles are processed by each thread,
where OpenMp is used.
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DEM cases |: concrete jet
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DEM cases Il: die filling
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coupling cases |: pneumatic conveying

a0
o4y, o
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Y.Q. Tan, H. Zhang, D.M. Yang et al. ribology Inernational, 2011
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Prelimi

coupling Ill: particle-laden turbulent flows in duct

A

v (normal)

Normal wall
bisector

L

Mean flow direction

z (spanwise)

The computational domain is 4mH x H x H in the streamwise and wall-normal
directions. The Reynolds number based on the friction velocity, u, and the
hydraulic diameter, H, is Re; = 300. Periodic boundary conditions are applied in
the streamwise direction. The flow is driven by means of a constant pressure
gradient in the streamwise direction, dP/dx = 4Hu?2.
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Prelim

Flow simulation and validation
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Left: mean secondary velocity vectors and contours for the mean streamwise

velocity compenent,< u > /u,. Right: contours for uyms/ur with mesh of
512 x 128 x 128
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Prelimi

Flow simulation and validation

Instantaneous Left: isosurfaces of ) = 2. Right: Distribution of 150000 particles

23th International Conference on Parallel Computational Fluid Dynamics 2011



Thank you for your attention!
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