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Granular Materials

Real:

 sand, soil, rock,

e grain, rice, lentils,
« powder, pills, granulate,
¢ micro- and nano-particles

Model Granular Materials
o steel/aluminum spheres

 spheres with dissipation/friction/achesion

Approach philosophy -

* Introduction ‘
« Single Particles
-

| | vl
* Particle Contacts/Interactions ‘
» Many particle cooperative behavior

cat oy |0
* Applications/Examples particle

simulation

» Conclusion ‘

Continuum Theory




Deterministic Models ...

Method Abbrev. | Theory

Molecular dynamics (soft particles) MD

Event Driven (hard particles) ED (Kinetic Theory)

DCCSE — steps in simulation

1. Setting up a model 1. Particle model
2. Analytical treatment 2. Kinetic theory
3. Numerical treatment 3. Algorithms for MD

4. Implementation 4. FORTRAN or C++/MPI
5. Embedding 5. Linux — research codes
6. Visualisation 6. xballs X11 C-tool

7. Validation 7. theory/experiment




What is Molecular Dynamics ?

A .
1. Specify interactions V() !

between bodies (for example: |
two spherical atoms) 5 |

2. Compute all forces £

3. Integrate the equations
of motion for all particles (Verlet,
Runge-Kutta, Predictor-Corrector, ...) mx, = zfﬁi
with fixed time-step dt [

Discrete particle model

/ \ Equations of motion
/ \ d% -
J— " =
\ ﬂs \
\'}, Forces and torques: eb
/ < / f Z f +Z f g ‘
Contact if Overlap > 0
ey, |5
Overlap O6=— (d +d. ) ( ?])ﬁ particle

simulation

Normal n=n.=




J;

—m,0 =kS+ Y0

Linear Contact model

- really simple ©
- linear, analytical

- very easy to implement
)

J;

—mijg =ko+ 90

Linear Contact model

- really simple ©
- linear, analytical

- very easy to implement
o




fi =—ml.].5=k5+7/5
kS+y0+md=0

K s+2T G46=0
my 2ml.j

W5 +2n6+6=0

elastic freq. w, = k
’ %111

eigen-freq.

Linear Contact model

- really simple ©
- linear, analytical
- very easy to implement

tgart.de/~1ui/PAPERS/coll2p. pdf

fi =—m,.j5=k5+75
kS +y5+m,0=0

K522 545=0
m 2ml.j

W5 +2n6+6=0

elastic freq. @, = y
m;;

eigen-freq.

Linear Contact model

- really simple ©
- linear, analytical
- very easy to implement

5(t) = U—a‘;exp(—m) sin(ar)

5(1) =22 exp(~nt) [~ sin(ar)
[
+wcos(ar)]
contact duration |7, = %

restitution coefficient r=———




Linear Contact model (m =)

particle-particle

ij

eigen-freq. o=l — 772
0

elastic freq.

visc. diss.

contact duration

_T
A

restitution coeff. 7 =exp(—7t,)

ical.

particle-wall

wwall — w§/2_772/4

wall — L =Q
d 2m. 2

1

1
t:/a = %)wall > tc

wall

P = exp(-1

wall ,wall
1)

Time-scales

At <= %O
t, :%) I

time-step

contact duration

t >t

sound propagation

experiment T

[ [ . iecal .

hAEtp:

t, <t

n c

1l
t;m = %)wall > tc

time between contacts

N,t, ... with number of layers N,
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Time-scales

t
time-step Atf <= %O
t, <t different sized particles

contact duration |7, =% I tl‘“ge > t”"“”

time belwein contacts

>t

n c

sound propagation N, . ... with number of layers N,

experiment T

lcal.uni=stuttgart.de/~lui/

Discrete particle model

. . f .
// \ Equat;z)?so motion
\ n_ 7
I\ n/ //L”"\ far J:
/ \
\\# //(/5

/-’ |f - }, Forces and lorques ‘b
[ Q 4 J

Contact if Overlap > 0

ey, |5
Overlap 5—2(d +d; ) (Fl ?)-ﬁ particle

) simulation

~ r
Normal n=r :(’
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Applications of Molecular Dynamics

Gas-/Liquid-simulations
Granular Materials
Electro-spray

Polymers, Membranes, ...
Process/Battlefield-simulations
... and many others ...

Molecular Dynamics example
from astrophysic

10



Algorithmic trick(s) for speed-up

* Linked cells neighborhood search O(1) (short range

forces) . ‘
® o
_r

@

What is Molecular Dynamics ?

A
1. Specify interactions V@)

between bodies (for example:
two spherical atoms) 5

2. Compute all forces ¢
Jj—i

3. Integrate the equations r e
of motion for all particles (Verlet,
Runge-Kutta, Predictor-Corrector, ...) oo
. . . mxi - ij—ﬁ
with fixed time-step dt i
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Rigid interaction (hard spheres)

Stiff (rigid) interactions require dt=0
Events (=collisions) occur in zero-time
(instantaneously)

that means: Integration is /impossible !

1. Propagate particles between collisions
2. Identify next event (collision)
3. Apply collision matrix

Why use hard spheres ?

+ advantages
» Event driven (ED) is than MD
 Analytical kinetic theory is

(with 99.9% agreement)
— drawback
« Implementation of arbitrary forces is expensive
« Parallelization is less successful

12



Why use hard spheres ?

 Analytical kinetic theory is
(with 99.9% agreement)

Algorithm (serial)

0. Initialize

Compute all forces O(1 )

Integrate equations of motion &+ dt
O(NV) - goto 1.

Total effort:
O(WV)
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Rigid interaction (hard spheres)

0. Stiff (rigid) interactions require dt=0
Events (=collisions) occur in zero-time (instantaneously)
Integration is /mpossible !

1. Propagate particles between collisions

2. Identify next event (collision)

3. Apply collision matrix

Rigid interaction (hard spheres)

1. Stiff (rigid) interactions require dt=0
Events (=collisions) occur in zero-time

£ 1L\

space space

1 1

17

14



)

Rigid interaction (hard sphere:’

2. Solve equation of motion between collision
- trajectory X, (1) =x,(0)+v,(0)r+1gr’

=Hxi(t)_xj (t)H=r1+r2

(Ax,; (0)+Av, (0)1) =(r+n)
Ax, = (r+1) +AX, AV, 1+AvV, 1 =0

R ——— e — — ——
b a

- event-time —b+~p:—44

1
b2 20

- contact HAxl.j

Time evolution
position

time

15



Rigid interaction (hard spheres)
Collision rule (translational)

Ul,,z =0,T (1+ r) AP/ZmL2

Momentum conservation + dissipation
with restitution coefficient (normal): »

Rigid interaction (hard spheres)
Collision rule (translational and rotational)

771,,2=771,2i(1+r)AP/2ml,2 wl,,2=w1,2i(1+’?)AL/211,2

Restitution coefficient (normal): » (tangential) r,
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Time evolution

position

Algorithm (ED serial)

0. Initialize

Propagate particle(s) to next event O(1)

Compute event (collision or cell-change)

Calculate new events and times O(1)

Update priority queue (heap tree) O(log/V)
O(N) —goto 1.

Total effort: O(NVlog/h)
T
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Algorithmic trick(s) for speed-up

 Linked cells neighborhood search O(1) (short range

forces)

o1 0o
B .2
-

| v bnkedcelsupdate

Performance

» Short range contacts
 Linked cells neighbourhood search

i \ low density - \ high density

0.01 0.1 1 10 100 1000 0.01 0.1 1
CIN C/N

Cells per particle
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Algorithm (paraliel)

0. Initialize
e Communication between processors
e Process next events ¢, to ¢

n+m

(see serial)
e Send and receive border-particle info
e If causality error then rollback goto 2.

e Synchronisation (for and

° ioto 1.

Parallelization — communication

processor 1 processor 2

o @
¢ ¢
0

.

\ border zone

~
N

19



Parallelization — load balancing

Parallelization — load balancing

20



Parallelization — load balancing

I

Performance (fixed N)

C C
« Required memory per processor [MByta]N (?j+

1000 [

100

required memory [MB]
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Performance (3D fixed N
« Fixed density and number of parficledV = C =2.10°

o P1/2

10 +

speed—-up

1 2 4 8 16 32 64 128

Performance (2D fixed N)
« Fixed density and number of particles2 N = C =10°

/o< p'?

P

speed—up

2 4 8 16 32 64 128
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Performance (3D fixed N/P)

« Fixed number of particles per processorN / P = 4.10*

speed—up

o P1/2

Two-pha
Flows

23



Simulation von Suspensionen
Rechnung und Realitit

ka1 Hofler, Stefan Schwarzer

Institut fir Computerphysik

Universitdt Stuttgart

Two phase
Flows with
Aggregation
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From Boltzmann (low density) ...

binary collisions
successive collisions are uncorrelated
neglect boundary effects

.. to Chapman-Enskog (high density)

collision rate & pressure increase with density
add coll.-transport of energy and momentum

&S

Elastic Hard Sphere Model

simulate 2000 particles
in a peridoc box

... plot streaklines
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Collision parameter

2.5

Contact probability — correlation

finntrian

S [ v=06).,  v=060 ] P v=070 ——

R =" Fl I O S R
i V=0.10 -=eeeee :

 [g2v=05) | 82, v=0T)

2 -gZa(Vzo':jL_ :
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Collision rate — time scale

10000

1000 |

collision rate (1/s)

100 |,

/tn &
ME
lltS(I)lid o

04 0.6 0.8

100
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Pressure (Equation of State — 2D)

¥

luid, disordered0.67 0.7 0.73 1

. solid, ordered

PV/E-
1=2vg(v)
—\
”:m/m = 1] phase transition

11 ] at critical density

0

0.2 0.4 0.6
A

0.8
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Pressure (Equation of State — 3D)

70 T T T 70 T T T
<407 | <07
4107, F -0,

40 - * +10-5 ! 40 * -10-5 1
5 4107 B o 107

20 F e PI;:nskog ] -

Pressure (Equation of State — 3D)

grow ... shrink ...
P P T +10_7 T T I P i T _10_7 T T I.d
< +10¢  da f <107 SONd,
40 + x 4100 =— 40 x 107 ordered-
o 410 de s .10
= 4107
20 + . PEnskog - g 20
10 M 10
7 phase transition- 7 L
at critical density .
4 1 L | 4 (| 1 I ]
04 045 05 055 06 04 045 05 055 06

A

v
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Pressure (Equation of State — 3D)

P T 1 T P 1 1 I
< +10° _da < 0] solid,
S T ey x o107
40 | e Ppgos A1 1 A0 e Pyge ordered
0| Slow ... P slower ...
10 | 10 t S e
15 T phase transition

fluid, disordered

at critical density

0.4 0.45 0.5 0.55 0.6 0.4 0.45 0.5 0.55 0.6
v Vv

Elastic hard spheres in gravity

O

O gravity
O O

* N particles
 Kinetic Energy
« What is the density profile ?

31



Elastic hard spheres in gravity

O
QOQ

OOO O O gravity
00 94

* N particles
» Kinetic Energy
» What is the density profile ?

Elastic hard spheres in gravity
o ©q
© 0

O
oNCe OC%
selenee

gravity

* N particles
 Kinetic Energy
« What is the density profile ?

32



Elastic hard spheres in gravity
0
Y 0
mass & energy conservation — OK

elastic steady state: u,=1=0

momentum balance:

0=——P+pg,
o P8

1

* Pressure P global equation of state
« Shear Stresso;” =0
* Energy Dissipation Rate =0

Hard sphere gas in gravity

1

. Vv,=0.70
solid, orderedog b pmtomme o . =~ Vo=0.80 1
i L V=085
o S e N\ PN e V=087
phas_e_ transition ___ 1% TN : V=0.876
at critical density Lk e V=0.88
06 |- R SR U S v=0.88%

sim.

> 05 sim.
04 exp. 4

03
0.2
0.1 |

0

fluid, disordered
L %W, . ¥ exponential tail
0 20 40 60 80 100 120 140 160

z/zi
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Shear (energy and rate)

(b)
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Shear (viscosity at high density)

100000 . . . :
Enskog theory
theory + correction ~ ------- 2l
N=2401 s
10000 § 4 homogeneous
1000 | 4
£
= a
100 | I
ﬁf,,.lnhomogeneous
= dilatancy
1 1 1 1 I

critical density
T

Structure formation

05 =

uy)="Yy 05
.
@ ®) /
Y, 03 e
o
Wy 1
.
> > .
P
-o1 .
.
)
| e
-03 //:
,//.//'
-05 + .
—05 ~0.4 -02 ) 0.2 04 0.6
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Low density -> linear velocity profile

High density -> shear localization
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Structure formation ¢
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Discrete particle model — gravity ?!

/ \ Equations of motion
v -

\ ﬂs ~  “

\
| Forces and torques:

\ Y Y Frems
//\ AR >

vé
4

Contact if Overlap > 0
Many

Overlap 5—5(d +dj)—(7,.—7)~ﬁ particle @

simulation

Astrophysics
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Experiment & Model for Sprays

EHDA = ElectroHydroDynamic Atomisation

Experiment

* Deposition analysis: Tinopal visible with UV-light
* Applications:
Green-house sprays, medical inhalation,
Spray painting, nano-particle production




Model

» Solve Newton’s second law for every droplet i

= d(v;)
2E=m dt

* Forces acting on a droplet

— electric field force qiE
— gravitation force m.g

Model

T 2, ~
- drag force CD g pairdi (vair - vi)

N ~
. . qj r;:].
— Coulomb interactions q; z 3

39



Model

» Real number of droplets is impossible

* Scale-up method to simulate the spray

— use few droplets with increased Coulomb interactions

- S0t
qi,Coulomb = qui —> qul’ZM

3
= 4TENT;
T

Results

« Scale-up correlation between f, and t,,,4

- validity scale-up ([t ) (%)
Q) {r (2>J

<I4ep> =|0.0041

. stdev 55105

Coulomb charge factor ()

0 0.005 0.01 0.015 0.02 0.025
droplet production time t,,,,(s)
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Electro-spray Model

Results

* Deposition

— experiment — simulation

x(m) |

y (m)




Results * Density, shape and velocity
0 ‘ 0 ‘ ‘ ‘
-0.05F - -
Ok e
A~-015F - - , g
Nl
-0.2"t A
025k -
B T S D3F - e
046 _0‘24 _0“12 61 -o,ios _Ojge _ij -ojoz ; '-30‘14 -miz 0‘1 -o‘oie -o‘oie -o‘oi4 Jwiz 6 o.gz 004
x(m) X(m)
Results
« Summary

— Scale-up method works

— EHDA spray can be qualitatively simulated

— Some simplifications in the model
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Open questions

» Model including scale-up method works

— validity has to be checked with other experiments

» Main challenges (for modeling)
— aero-/hydro-dynamics coupling
— more (charged) particles (2000 to 104-105)

Approach philosophy -

* Introduction E
AR

« Single Particles g

« Particle Contacts/Interactions :

| | ml ¥
» Many particle cooperative behavior el
E-]

nim

* Applications/Examples t a:ayrticle }
P N simulation

» Conclusion ‘
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Contact force measurement (PIA)

—_ o—°
é 0.5 /
£ o
o 0.4
o
B
.5 03] g——a———m= ]
f A
S 0.2 %f’—{
3
N
£ o] % ]
5 <
Z
0.0

0.0 02 0.4 06 0.8
Normalized load (mN/m)

eeeee

Contact Force Measurement

Kraft | |

Abstand

)

. 7y o




Adhesion and Friction

Adhesion force (nN) Friction force (nN)
s00{ T T .
854 ‘s
[ 4004 3
80 T ‘ : N
. N B 300/
75 /JA\L -4 \;E/X'?‘h (
Lol ’ 2004
704 h
WJ/ 100
65 ’ '
20 30 40 50 60 70 0 1000750 -500 350 0 250 500 750

rel. humidity (%) Normal force (nN)

Deformation Hysteresis in nm

Hysteresis (plastic deformation)

20

Polystryrene
Borosilicate glass

Deformation Hysteresis in nm

0 50 100 150 200 250 0 1000 2000 3000
Force in nN Force in nN
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Discrete particle model

// N Equations of motion

\ r",’ﬁ //)/ _____ = ™ dr’ !
\/ ﬂ 5 \
pa—

\
| Forces and torques:

e B A R WD I AT
:////& / | C ) ‘

Contact if Overlap > 0
o (S
) particle

1 N
Overlap §=§(d;+dj)_(ri_r/ n simulation
_(7-7)
ij | |

-
W,

<3
[’

Normal n=

S

<3
i

Contact model

- (too) simple ©
- piecewise linear
- easy to implement

ko for loading
£ =3k,(6-6,) for un-/reloading
ked k.6 for unloading
Maximum overlap .
stress-free overlap S, =(1-k 1k,)5,..
strongest attraction at: §,, = k ok o
k, +k,

the max. attractive force: f,, =-k.J,,,
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s k13 _

-7

S

min// S

’/ 6O 0 max

Linear Contact model

- (really too) simple ©
- linear
- very easy to implement

k6 for un-/re-loading
fhyx —

fhys

Hertz Contact model

- simple ©
- non-linear
- easy to implement

k&% for un-/re-loading
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0.01 T

0.008

0.008

0.002

=X

thty
P-wave shape and speed
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Open questions

 Agglomeration
— population balance — cluster evolution
— phase transitions, cooperative behavior
» Main challenges (for modeling)
— aero-/hydro-dynamics coupling

— cluster stability, statistics, sintering, ...
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