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& Multiphase flow problems
&> Model for particulate flow
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Multiphase Flow Problems
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Fluid — (Rigid) Solid Interfaces

Consider flow of N solid particlesin afluid with density %2and viscosity ! .
Denote by - ¢ (t) the domain occupied by thefluid at timet, and by - (t)
domain occupied by the particlep at timet:

p

Fluid flow is modelled by the Navier-Stokes equations in - ¢ (t)
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where ¥iis the total stress tensor in the fluid phase, which is defined as :
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Model for Particle Motion (I)

Motion of particlesis described by the Newton-Euler equations, i.e., the
trandlational velocities U, and angular velocities ! ; of the P-th particle
satisfy

dUp _

d!
g - Fet Fo+ (¢ Mp) g; 'pd—tp“pf('p!p):Tp

Mp

with M, the mass of the P-th particle (P=1,...,N);
I the moment of inertiatensor of the P-th particle;
¢ M, the mass difference between the mass v 0 and the mass of the fluid

occupying the same volume.




Model for Particle Motion (lI)

Fp and T, ae the hydrodynamical for ces and the tor que at mass
center acting on thepP-th particle

Z Z
Fp =i Yalnpydip; Tp =i | (X i Xp) £ (%alnp) dj

i p I'p
and F)) are the collision for ces (later).

Xp isthe position of the center of gravity of the P-th particle;
ip= @) the boundary of the P-th particle;
Np isthe unit normal vector on the boundary ; ,




Interaction between Particle and Fluid

No slip boundary conditions at interface ; 0 between particles and fluid
l.e, foranyX 2 j 0 , the velocity u(X) is defined by:

UX)= Up+ 1o £ (X § Xp)

The position X ) of the P-th particle and itsangle by, ae obtained
by integration of the kinematic equations.
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Coupling between Fluid and Particle

1. Implicit coupling (" Distributed Lagrange Multiplier/Fictitious Domains )

|dea: Calculate the fluid on the complete fluid-solid domain; the
solid domain is constrained to move with the rigid motion;
mutual forces between solid and fluid are cancelled.

> Body-force-DLM (Glowinski,Pan,Hesla,Joseph and Periaux (1999)):
the constraint of rigid body motion is represented by u=U+  xr

& StressDLM (Patankar,Singh,Joseph,Glowinski and Pan (2000)):
the constraint of the rigid body motion is represented by a stress
field just asthereis pressurein fluid.

2. Explicit Coupling
t" cuid|! [t" forceon solid{! |t"*1 glid

tn+l ouid

0 FVM-fictitious domain methods (Duchanoy and Jongen(2003))
& FEM-fictitious boundary methods (Turek,Wan and Rivkind)




Furtnher Ciassitication

1. Eulerian approach: fixed mesnes!
Use afixed mesh that covers the whole domain where the fluid may

be present.
< The distributed Lagrange multiplier/fictitious domain method
< FEM -fictitious boundary method
> FVM-fictitious domain method

2. Lagrangian approach: moving meshes!
Based on a moving mesh which follows the motion of the fluid boundary.

<> Arbitrary Lagrangian Eulerian (Hu,Joseph and Crochet (1992),
Johnson and Tezduyar (1996))

< Fat boundary method (Maury (2001))



The ‘Fictitious Boundary Method’

1. Describe fine-scale geometrical structures and time-dependent objects via
(level-dependent) inner ” boundary points’!

2. Use projectors onto the "right” b.c.’ s in iterative components!
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Computational mesh (can be) independent of ‘internal objects




How to Calculate (Surface) Forces?

Hydrodynamic for ces and torque acting on the i-th particle
Z Z
Fi =i Yabnidiji;  Ti= (X'i Xi) £ (Yani) dj;
@p; @p;

Reconstruction of the shapeisonly first order accurate
=> local grid adaptivity or alignment
=> "only” averaged/integral quantities are required

& But: The FBM can only decide "INSIDE” or "OUTSIDE”

‘Replace the surfaceintegral by a
volume integral’




Ccalculation or Rrydroadynamic Forces

Define auxiliary function ® as

1/21 f X 2
_ Or _p
®(X) = 0 for X 2-¢

Remark:r ®, =0 everywhere except at wall surface of the particles, and
equal to the normal vector Np defined on the global grid.

Np =1 ®
Force acting on the wall surface of the particles can be computed by
Z Z
Fo =i Yalnpdjp =i ¥aCr ®,d- 1
ip - T

with =1 = ¢ [ =, (analogously for the torque)




Evaluation or Force Calcu

lations

0

’

LEVEL 6 V2 280.000 elements

LEVEL 6 % 150.000 elements

LEVEL || ch. mesh 1 | ch. mesh Il || ch. mesh1 | ch. mesh Il
3 0.5529+01 | 0.5569+01 || 0.1216-01 | 0.2443-03
4 0.5353+01 | 0.5575+01 | 0.1074-01 | 0.0014-01
5 0.5427+01 | 0.5572+01 || 0.6145-02 | 0.0812-01
6 0.5501+01 | 0.5578+01 || 0.9902-02 [ 0.1020-01
C';=0.55795+01 C;=0.10618-01

LEVEL C'y 'y
2 0.55201+01 | 0.1057-01
3 0.55759+01 | 0.1036-01
4 0.55805+01 | 0.1041-01

LEVEL 4 ¥, 150.000 elements




(Explicit) Operator-Splitting Approach

Theagorithm for t" ! t"*1 consists of the following 4 substeps

1. Fluid velocity and pressure: N SE(uf*%;p"* 1) = BC(- 1;uf)

n+1

2. Calculate hydrodynamic forces. F

3. Calculate velocity of particles: ul*® = g(F,"*")

n+1 —

4. Update position of particles: - p** = f (ug*™)

? Required: efficient calculation of hydrodynamic forces
? Required: efficient treatment of particle interaction (?)
? Required: fast (nonstationary) Navier-Stokes solvers (1)




Numerical Examples

‘Oneparticlein arotating circular container’
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Numerical eXxamples

‘Oneparticlein arotating circular container’
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Numerical Examples

‘Oneédlipsefalling in an (infinite) channel’




Numerical eXxamples

‘Viscous flow around a moving airfoil’ (Glowinski)




Numerical Examples

‘(Prototypical) Heart Valve
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Numerical Examples

Cells

temper?.ture
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‘Kissing, Drafting, Thumbling’
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Numerical examples

act of heavy balls on 2000 small particles

3.333333e-06

3.333333e-06

3.333333e-06

H
H

33332

HE

133
&
133
e
-
*
&
s
s
=

i




Collision Moaels

& Theoretically, it isimpossible that smooth particle-particle collisions take
placein finite time in the continuous system since there are repulsive
forces to prevent these collisions in the case of viscous fluids.

& Inpractice, however, particlescan contact or even overlap each other
In numerical simulations since the gap can become arbitrarily small
due to unavoidable numerical errors.

il
j':ﬂji

k d'] 2 Ji:IJ_O ifdijbRi+Rj+1/2;

{ .I
J': j=dij="1f dj =R +R,
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Repulsive Force Collision Model

« Handling of small gaps and contact between particles
« Dedling with overlapping in numerical simulations

For the particle-particle collisions (analogous for the particle-wall collisions), the
repulsive forces between particles read:

N\ CO

0 for di;j > R + RJ + 1
Fip;j = %(Xii Xj)(Ri+Rj + 15 di;j)z for Ri+Rj - di;j - Ri+ R +
' %(Xi i Xj)(Ri + Rj i di;j) for di;j - Ry + Rj

Thetotal repulsive forces exerted on the j -th particle by the other particles
and the walls can be expressed as follows:

X
FP= Fh+ FY

j=Lj8i




Numerical eXxamples

‘Fluidization/Sedimentation of many particles
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LITC-O1T 101 EllpSe
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Complete Algorithm

The completealgorithm (tn ! th+1) for the coupled fluid-solid system
can be summarized asfollows:

1. Given the position and velocity of the particlesat time t _

2. Set the fictitious boundary and its boundary condition for the fluid.
3. Solve the fluid equations to get the fluid velocity and the pressure.
4. Calculate the hydrodynamic forces acting on every particle.

5. Calculate the motion of the solid particles.

6. Check if the collision happens and calculate collision forces.

7. Update the particle position and velocity by the collision forces.
8. Return tothe rst step (n! n+ 1) and advance to the next time step.




EfTicient bata structures

L 3 ¥4 220:000elements
L4 ¥, 880:000elements
L5 Y, 3:530:000 elements

DEC/ COMPAQ EV6, 833 MHz

%2 1:100:000d:0:f :s
Y4 4:400:000d:0:f :s
Y2 17:600:000d:0:f :s

IC_"P[_J (s) "brute force’ “improved’

I.‘-'i'l-",s%R'l" = 10 = 1000 = 10 = 1000
TP NP SRR U | N R R | R NI e
I NSE 17 88 | 440 16 80 403 17 95 | 423 17 83 43?
I Force 5 20 79 443 1771 | 7092 0 0 l () 0 I
P:} rticle l 5 25 20 82 331 0 3 14 1 5 }':I
I Total 24 114 | 546 480 | 1934 | 7827 18 98 | 439 18 89 46;

Next: E xcient °ow solver (for small ¢t) ???




Challenges

£ Adaptivetime steppl ng + dynammal adaptive grid alignment/ALE

(Better) collison models/Repulsive forces.
Coupling with turbulence models.
Modelling of Break-up/Coal escence phenomena.

Deformable particles/fluid-structure interaction.

Analysis of viscoelastic effects.

Benchmarking and experimental validation for many particles.
1.000.000 particles.

bobbb bOLS



R-Adaptivity

1. location based methods:
& Window's method
& Brackbill’sand Saltzman’s method
& Harmonic mapping
disadvantages:
(@) non-linear problems (demanding)
(b) interaction of monitor function and grid not clear

2. velocity based methods:

& MMPDE/GCL (Cao, Huang, Russell)

& Deformation method (Liao et al.)
advantages:
(@) (several) Laplace problems on fixed mesh (fast)
(b) monitor function “directly” from error distribution
(c) mesh tangling prevented



Deformation Method (Moser/Liao)

idea : construct transformation A; x = A(»;t) with detr A= f
—> local mesh area 74 f

1. Compute monitor function f (x;t) > 0;f 2 C! and
R
Cfil(x;t)dx=j-j 8t2]0:1]

2. Solve (t 2 (0; 1))

I T —
@ 1 @ —
» 1) = - — =0
DT E o) @,
3. Solve the ODE system
@ I T w 1
—A»t)=f At);t rv A it);t

@

new grid points: x; = A(»;;1)



Example for Deformed Meshes
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Grid deformation preserves the (local) logical structure of the grid



Example for Deformed Meshes
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Exact control and smooth transitions



Last Example
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(Really) Last Example
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