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The Importance of Bulk Solids EESsRElicail (2GS

Macroscopic particle processes from an industrial perspective:

U Production, handling, storage, transport F B ’ — i
and processing of particles and granular |
materials is of paramount importance in

all sectors of industry.

U 40% of the capacity of industrial plants is

wasted due to granular solid problems (**)

U Between 1 and 10% of all the energy is

photo from: Whiddon, P.: http://www.flickr.com/photos/pwhiddon/

used in comminution, i.e. the processes

of crushing, grinding, milling, micronising (*)

* Holdich, R. (2006): Fundamentals of Particle Technology; Midland Information & Publishing
** Ennis, B. J., Green, J., Davies, R.(1994): Particle technology. The legacy of neglect in the US", Chem. Eng. Prog, 90, 32-43.
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The Importance of Bulk Solids EESsRElicail (2GS

Macroscopic particle processes from an industrial perspective:

U More than 50% of all products sold are
either granular in form or involve

granular materials in their production*.

U 40% of the value added in chemical

industry is linked to particle technology**.

U Many industrial solid particle systems

display unpredictable behaviour, leading

photo from: Whiddon, P.: http://www.flickr.com/photos/pwhiddon/

to losses of resources, energy, money, time

U State-of-the-art simulation tools show

lack of predictive capability

* Bates, L. (2006): The need for industrial education in bulk technology", Bulk Solids Handl., 26, 464-473.
** Ennis, B. J., Green, J., Davies, R.(1994): Particle technology. The legacy of neglect in the US", Chem. Eng. Prog, 90, 32-43.
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The Framework sncet " Lcauping

Professional Base: Scientific Base:

DCS

Computing GmbH

CFDEM

project

open source software
for num. simulation of
granular systems
(DEM)

open source software
for num. simulation of

fluid-granular systems
CFDEM
coupling (CFD-DEM)

\

@i, ¥ Open\VFOAM €

l get it right®
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CFDEM Community after 3 yrs CroEM

Vibrant community has been established: CFDEMproject users comprise
world-class companies and dozens of universities and research institutes.

Shown below are number of post in forums (left) and regional distribution of visitors.

5000 [F9) Germary 14.1%
. @ Japan BA%
* ==CFDEM prOJeCt = United States 19.4%
= 4000 Bl China 5.4%
= | AMMPS
= 15 Urited Kingdom 5.6%
S 3000
c E E;tr;a;%
"(7') 2000 Others 21.8% ﬁ:prms 22%
@) B3 tustralia 25%
o =Netherlands 17% ran 2.2%
1000 3 Switzerland 1.5% [*] Carada 2.2%
Run
0 - ———— From 28 Aug 2011 to 03 Jul 2013 (22 months):

1 6 11 16 21 26 31 36
months since project started 23,898 unique site visitors from 112 countries

LAMMPS is one of the standard molecular dynamics (MD) codes
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Fluid-particle interaction

~.

Computational Fluid Discrete Element
@=sa78 Dynamics (CFD) + Method (DEM)

coupling

00, <«— A unresolved CFD-DEM
@) O / Y,
0 °,°)° 5 ° A resolved CFD-DEM —> 5
0 o 8 (@) /‘ ™
\
o 5 °1s o o) N
0 ° 00 ©
A CFD-DEM! A Immersed Boundary Method
A coarse grained CFD-DEM 2 A Fictitious Domain Method
A MP'PIC3 1) Goniva, C., Kloss, C., Deen, N.G., Kuipers, J.A.M. and Pirker, S (2012): Ailnfluence of Rolling Frict

Si mu | a Particuolegy, DOI 10.1016/j.partic.2012.05.002
2) Radl S., Radeke, Ch., Khinast, J., Sundaresan, S. (2011) :
Conference, Trondheim, Norway

3) Andrews, M. J. ,

0 P-Based&pproach for the Simulation of Gas-Par t i c | ePro€ CEDWG1d

06 R o u-pHase partiBle-nicell (MP1P9l 906) ) :meft Thhoed nfiuolrt id e n s e ippaaerFtow, 22, 3¥9-402 C
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Unresolved CFD-DEM CrDEM

Unresolved Discrete Modeling of fluid particle systems comes in
di fferent flavorse

ACFD-DEM?!2

Acoarse grained CFD-DEM 3
ACFD-DDPM*#

AMP-PIC56

1) Goniva, C., Kloss, C., Deen, N.G., Kuipers, JAM.and Pirker, S. (2012): dlnfl ue
Model ling on Singl e SpoutParticlologydOIZA@1D16Bpartc.2&GR.0b002a t i

2) Z.Y. Zhou, S.B. Kuang, KW. Chu and A.B. Yu (2010): i Di padiclessim@ation of particle-fluid flow:
Model formulations and theira p p | i c dolrhal of Rluyd dMechanics 661, 482-510.

3) Radl S., Radeke, Ch., Khinast, J., Sundaresan, S. (2011) : 0 P-8ased&pproach for the Simulation of
Gas-Par t i cl ePro€ CERDW@B1ld Conference, Trondheim, Norway

4) Fluent® Manual

5) Andrews, M. J., OO0 Ro u-phkse partidle-ndcell (MPAPECYnéejhod foiidErfse mu |
particle fl owo, |l nt . -42. Mul ti phase Flow, 22, 379
6) Benyahia, S., Sundaresan, S. (2012) : -43ridoorrecteonshoebetd costinubm and discrete
gassparticle flow model so,6Powder Technology, 220,
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Unresolved CFD-DEM |

Theoretical background i non-resolved CFD-DEM:

Navier-Stokes equations for the fluid in presence of a granular phase

nar .
#Hi)cﬂafrfuf):o

ut
ula, r . u _ :

( fl-ltf f)"'DC‘afrfufuf):-apo+DC§af t)+afrfg_ Kfs(uf' us)
Lagrangian Particle Trajectory for Particles

Wx, F,F b

= +——+g+ (uf—up)—if)p
a r

p

U fluid volume fraction
U fluid velocity
Up stress tensor, pressure
soft-sphere contact model: M flu!d/par.tlcle density
linear spring-dashpot Kig fluid solid momentum exchange term
I drag coefficient
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Unresolved CFD-DEM £ A oM

Theoretical background 7 coarse grained CFD-DEM:

Navier-Stokes equations for the fluid in presence of a granular phase

na . r :
f f+‘DC(af/’fo):0
Mt
p‘(a f r f uf) : :
t +Ddafrfufuf)='af9p+adaf t)+afrf g - Kfs(uf' us)
vl
Lagrangian Particle Trajectory for Parcels
2
Mo X F F b 1
P-4+t ig+ (u,-u )-—p . . . .
Py Scaling laws from dimensional analysis
P,=I,P = K, P.,= G
1 - hWF s P s T o
R QO @, RO @,
A & size ratio of colliding particles, k.. stiffness, R: radius, ” : density,

Vvy: reference velocity
soft-sphere contact model:

: _ A scaling stiffness
linear spring-dashpot

A scaling of particle drag

A Equations converge to particle equation for parcel = particle
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Unresolved CFD-DEM St

Fine grid

Coarse grid
Small structures J
o are lost ®© ® ° o o o o
< °. : 4> ® © © o o o P

Coarse grained simulations w/ coarser grids require filtered drag laws!

A The effective (filtered) drag is related to the
parcel s_ize fluid grid size correction particle volume fraction
_ correctyjon / / correction
b . — o
p
standard — =C a §1-f(F,f)h( ) y
drag model ~a bp o corr ( )e f Y { l

A Functions f and h are fitted to CFD-DEM data (not shown). The parcel size correction (i.e.,

the parameter k in the expression below) is based on a comparison for the sedimentation
velocity:

corr

C = expg -k (a ;]_) Collaboration with Stefan Radl (Graz UT)
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Unresolved CFD-DEM A oM

Theoretical background i CFD-DDPM:

Navier-Stokes equations for the fluid in presence of a granular phase

Ha f r f .
+Ddafrf uf):O
Mt
pla rou) .
ut +Ddafrf ufuf):'apo"'Ddaf t)+afrf g - Kfs(uf B us)' bp,
Lagrangian Particle Trajectory for Parcels
2 Characteristics:
WX, b
ne =g+ . (U i - U p)+ Fint eraction A Fluid equations similar to CFD-DEM
PP A No resolved parcel-parcel interaction
1 .
Fiieacion =~ — P @ A Prevent from overpackingby restoring fAgran
r
P from kinetic theory
_. P a
l‘s—‘g Sfa rpgo QU

max

Also needs corrections for coarse-graining / coarse-grid simulations!
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Unresolved CFD-DEM A oM

Theoretical background i MP-PIC!:

Navier-Stokes equations for the fluid in presence of a granular phase

M+‘E)dafrfuf):o

Mt
pla rou) .
ut +Ddafrf ufuf):'apo"'Ddaf t)+afrf g - Kfs(uf B us)' bp,
Lagrangian Particle Trajectory for Parcels
szp . b ( ) 1 oour Characteristics:
2 -9 Up-Up)- PP interacton A Fluid equations similar to CFD-DEM
IJ' r Pa p r p
b A No resolved parcel-parcel interaction
. a
Fiteraction = P max—p A Prevent from overpackingby restoring fAgra
a - a
p p
1) Basic form of equations following: Benyahia, S., Sundaresan, S. (201 2) : -3ridoorrecteonsn e

for both continuum and discretegas-par t i cl e fl ow model soR26Powder Tect

Also needs corrections for coarse-graining / coarse-grid simulations!

Collaboration with Stefan Radl (Graz UT
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Which Model to choose? CPOEM

Coarse-Grained CFD-DEM
U uses soft-sphere contact models on parcel base
U can handle dense regions and equilibrium state

U Equations converge to CFD-DEM particles, which is well established

CFD-DDPM and MP-PIC
U difficulties for dense regions and equilibrium state

U needs additional formulation for particle-wall contact

U Both need corrections (filtered drag laws) for using coarser grids
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Resolved CFD-DEM % | CEOEM
. ou -
Incompressible —+ p(u - V)u=—-Vp+ uV4uin Q
Navier-Stokes Jat
equations (+BC) .
conservation of ) V-u=0in{
A mass and
A momentum u=uronrl
Interface condition — u=u;and o-n = tro onl's
Initial condition  — u(x,t =0) =uy(x)inQ
q
N~ u velocity field
u p solid density
¥ n outer normal vector
S o stress tensor

CFDEMproject: Department of Particulate Flow Modelling, JKU Linz and DCS Computing, Linz | www.cfdem.com
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Resolved CFD-DEM CroEM

Integration of the interface condition:
, LECB 0 (B
é applying Divergence Theorem and assuming a Newtonian fluid:
N t o6 (6) Qm 0 X

Force: pressure component

v
0 X\ n ' " 0'Qrn < viscous component

Numerical integration yields
"0 B ,——(dd) tow .

= é volume of cell ¢
}Ih € set of -caverédcellsel i d
tdha é force at time t, eval
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Resolved CFD-DEM CFDEM |CFDEM
. ARERY stairstep
" —> \ \} VS.
(i |8 7 smooth
S <~

stairstep representation: smooth representation:

+ fast + higher accuracy in terms
+ good results for high of

resolution volume representation

- numerical troubles for + better numerical stability

CFDEMproject: Departinent cf fanicuace 155 Modelling, JKU Linz and DCS Computing, Linz | www.cfdem.com
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Some wise words... : CPOEM

A state-of-the-art calculation requires 100
hours of CPU time on the state-of-the-art
computer, independent of the decade.

-- Edward Teller (if at her o of the

and co-founder of Lawrence Livermore National

Laboratory)

(stolen from Steveds quote board)

Problem: Computational time increases with:
A Smaller particles
A Larger application
A Higher flow dynamics

Solution:
A Efficiency and Parallel Scalability i harnessing availabe CPU ressources
A Parcel approach i particle coarse graining of 10 reduces sim. time by 1000

CFDEMproject: Department of Particulate Flow Modelling, JKU Linz and DCS Computing, Linz | www.cfdem.com
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How to distribute load between MPI processes?

If each process handles a different # of particles,
some of them will be idle (low efficiency)

LIGGGHTS

Thanks to:

Sandia
National
Laboratories

ol TEMPLE

— UNIVERSITY®

SCEODICMS

Institute for Computational Molecular Science

Process 0O
Process 1
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LIGGGHTS MPI Loadbalancing CPoEM [CEDEV BN DCS

How to distribute load between MPI processes?
Load-balancing leads to better density distribution

Strategy: cuts in x and y direction so that
each slice holds equal # of particles

LIGGGHTS

Thanks to:

@ Sandia
National
Laboratories

ol TEMPLE

— UNIVERSITY®

SCEODICMS

Institute for Computational Molecular Science

Process 0O
Process 1
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LIGGGHTS MPI Loadbalancing CrocM R

Strong Scalability for Small-Scale Simulation of Hopper Discharge
300k particles, 400k stime-steps, run on small-scale cluster

30,00
W 2.1 Load-Balancing Off
25,00 —+
J M 2.1 Load-Balancing On
20,00
j= 8
=
=]
a
]
& 15,00
10,00
) ‘
oo | mmm ‘
1 2 4 2 12 24 48

Number of processors
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LIGGGHTS Parallelization . crpem crpEm BGEEHS DC S

Mesh Movement Parallelization

6.00

LIGGGHTS

U vibratory oscillation of

5.00

Process 0
Process2

sample mesh

4.00

U blue: LIGGGHTS 1.5.3,

i yellow : LIGGGHTS 2.0) [
| 1 2

Multisphere Method Parallelization

Speed-Up

—
0
0
O
O
o
S

o

Process3

I B

4 8
Number of procesors

6,00

5,00 |
o
= 4,00 Hileleleln

E®)
@ 3,00
(8]

o
o 2.00
oo | I
0,00
1 2 4 8

Number of processors

U test case: angle of repose
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LIGGGHTS & Shared Memory CroEM

U Need to make LIGGGHTS fit for hybrid shared-distributed cluster

architecture (left: MPI parallelization, right: shared memory parallelization)

CPUO CPU1 CPU 2 CPU3
CPUO CPU1 CPU 2 CPU 3
Thread 0 Thread 1 Thread 2 Thread 3
Memory Memory Memory Memory @ @ @ @

67 k particles, 4 core CPU
U Work by Richard Berger (JKU),

collaboratlon W|th Axel Kohlmeyer (Temple)

| [
Shared Memory
Inter-Process Communication (IPC)

U Box filling: preliminary result (right)
=8 UNIVERSITY® I I l

, - i MPI  OMP
%DICMS Se“al 4 processes 4 threads

Institute for Computational Molecular Science

CFDEMproject: Department of Particulate Flow Modelling, JKU Linz and DCS Computing, Linz | www.cfdem.com



LIGGGHTS+CFDEMcoupling &= @

CFDEMcoupling Scalability croFM I DG

Many2Many CFDEMcoupling communication scheme:

Step 1: Communicate particles using an existing communication pattern Reg{=pi=
(based on position in previous coupling step) coupling

Process 0

CFDEMcoupling LIGGGHTS

CFDEMcoupling
I.
CFDEMcoupling LIGGGHT®< CFDEMcoupling LIGGGHTS

LIGGGHTS

CFDEMproject: Department of Particulate Flow Modelling, JKU Linz and DCS Computing, Linz | www.cfdem.com 27
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CFDEMcoupling Scalability

Many2Many CFDEMcoupling communication scheme:

Step 2: Detect CFD domainpassover( idef ect or o par tie=n=1s )
(based on current position) coupling

Process 0

CFDEMcoupling LIGGGHTS

CFDEMcoupling
I.
CFDEMcoupling LIGGGHT®< CFDEMcoupling LIGGGHTS

LIGGGHTS
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CFDEMcoupling Scalability

Many2Many CFDEMcoupling communication scheme:

Step 3: Communicate fidefector o paezpai! €
(based on current position) coupling

Process 0

CFDEMcoupling LIGGGHTS

CFDEMcoupling
I.
CFDEMcoupling LIGGGHT®< CFDEMcoupling LIGGGHTS

LIGGGHTS
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CFDEMcoupling Scalability croFM I DG

Many2Many CFDEMcoupling communication scheme:

Step 4: Update communication pat tig=Enayf c

coupling

Process 0

CFDEMcoupling LIGGGHTS CFDEMcoupling LIGGGHTS

L~

CFDEMCcougling

LIGGGHTS

CFDEMcoupling i LIGGGHTS
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CFDEMcoupling Scalability

Many2Many CFDEMcoupling communication scheme:
Step 5: Reverse Communication of dragforces etc. CFDEM

coupling

Process 0

CFDEMcoupling LIGGGHTS CFDEMcoupling LIGGGHTS

CFDEMcoug ling LICGGHTS

CFDEMcoupling i LIGGGHTS
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CFDEMcoupling Scalability

Many2Many CFDEMcoupling communication scheme:
Step 5: Reverse Communication of dragforce CFDEM

coupling

Process 0

CFDEMcoupling LIGGGHTS

CFDEMcoupling

L {
CFDEMcoupling LIGGGHT®< CFDEMcoupling LICGGHTS

LIGGGHTS
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CFDEMcoupling Scalability CrocM R

Fluidized Bed Scaled-Size Scalablity up to 512 Processors:
U 10.24 x0.002 x 0.1 m /10240 x 2 x 100 cells

U time step: CFD le-4s, DEM le-5s B B
coupling every 10 DEM steps
U Partlcles dP — 0.3 mm ".'-'-'.'-'-'.':-'.,". . '-’- e el ey -/'-.--.--.-':--.--».- g ./ ! !

U nNproc =1to 512, np= 2.048e7

Parallel Scaling for:Coupling

CFDEM VSN CFDEM

coupling

coupling

| =8—M2M, nP=20480000
0 100 200 300 400 500

# procs # procs # procs
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