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Simulation of Granular Two-phase flow

Important example: gas fluidized beds »
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|. DNS models for granular two-phase flow
Il. DEM models for granular two-phase flow

lll. Example: Vibrated granular beds



|. DNS models for granular two-phase flow

. . Three issues:

o

. How to model the fluid phase?

How model the particles?

How to model the fluid-particle interaction?




DNS models for granular two-phase flow

1. Models for the solid phase < : L ®
® 0

2. Models for the fluid phase (CFD, LBM) ® o
® o

3. Fully resolved fluid-particle interaction < 7’.. ®



1. Models for the solid phase

- Phase consists of individual particles - Lagrangian

- Methods borrowed from classical “molecular dynamics”

- Two different methods A. Soft-sphere model

B. Hard-sphere model




1A. Solid Phase Models: Soft-Sphere

Position of particle a: R

d°R,
dt2

Newton’s equation of motion: M = Fatot

IS Integrated numerically:

R (t+6t) = 2Ra(t)—Ra(t—5t)+Fa’j\‘j(t) 5t2

total force: Fotot = Y Fop + Mg
b

- Time driven scheme

— Interaction force F ; follows from a continuous potential

- “soft-sphere model”



1A. Solid Phase Models: Soft Sphere

Interaction force:  F,, = FQ! 4 Fé 4 Feoh

« Collision force: Spring-dashpot model

coll

abn — —kong, —n Vabn

/ l

spring constant damping
coefficient

spring

)

dashpot

2
q- gy

4e Rgb

e Electrostatic force Fab— —

Ad n

Fcoh_ S ab
2
6 55

e Cohesive force




1A. Solid Phase Models: Soft-Sphere

Ra(t) , Va(?)

soft-sphere R
spring model
dashpot COU|Omb >
force etc. \f
Fep
» N . R.(t 4 ot
MR, =) Fg' _ | Ra(t +0t)

b Va,(t + 5t)




1B. Solid Phase Models: Hard-sphere

Simplified MD: hard-sphere model

» Collision time between spheres can be calculated analytically:

_Rab ’ Vab_ \/(Rab : Vab)2 - Va% [Rgb_4R2]

2
Vab

tab =

« Evolution in time: free-flight to nearest
collision event followed by instantaneous
binary collision (event driven scheme)

 Collision: change of momentum
does not follow from forces, but
IS calculated via:
1+e\ R, -V
A'l—)’a — ( _I_ ) ab

b
> . Rab




1B. Solid Phase Models: Hard-Sphere

Advantages of hard-sphere over soft-sphere

- Much faster for dilute systems

- Soft potential often “too soft” to model e.g. glass spheres

Disadvantages of hard-sphere over soft-sphere

- HS breaks down for dense (close packed) systems

- Update not based on forces: more difficult to include other interactions
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2. Models for the fluid phase (CFD, LBM)

- Continuum description of the phase -> Eulerian
- Time evolution governed by Navier-Stokes (NS) equation

- Two basic methods for solving the NS equations on a grid

A. Computational Fluid Dynamics

B. Lattice Boltzmann Method



2. Fluid Phase Models: Computational Fluid Dynamics (CFD)

Basic idea: solve the set of differential equations:
V:u =20

omu —%VP —Vuu-V-1

by finite difference methods

Closures for Pand T

RT
P = —
MP

= —(\— iu)(v )T 4 p((Vu) + (Vu)')



2. Fluid Phase Models: Computational Fluid Dynamics (CFD)

V-u =20
ou = —%VP —Vuu-—V.- 7
n+1_ ..n
u _ u_ —%VP"H‘l _ [v.ouu+v.-r" finite diff. form
t N U
~
urtl = yn — %VP’”’"H — 0t A"
Gntl — yn _ dtygpntl _ 5 AR tentative velocity
p
_unt1 + gntl = ot \V4 '_qyn+1_j:‘)n—|—1 ¢ = prntl_pntl
p L
taking V-
Pn—l—l — pn—}—l + o
1 n+1 _ 6t o2
— )

0



Initial guess: Solution procedure to calculate
pntl _ ypntl variables at time n—+41

antl = yn _dtgpntl _ 5 A7
0
M P +1 — pn+1 |
Pn — n <D
Vﬁ’n+1_ 5tv2(b > ) N 5,
P urtl = gntl 4 zvcb




2. Fluid Phase Models: Computational Fluid Dynamics (CFD)

Finite differences in space: requires discretization of space
Divide space up in cells of 9l -3l -4l
Define Pjjr as the pressure at the center of the cell {3, j, k}

Then for instance dP Pii1ik— Pk
(d:v) i+5,5,k - ol

Note: velocity is calculated
from an equation like: urtl = yn — %VP”+1 — %A’”

- Requires that velocities are defined at the faces of the cell

ali 1 Lyl jd el s

. du u, l, Lk o {u"_l’ K
Then for instance [_m] _ 3. i—5,]
dx 1i,j,k Y

IS again defined at
the cell center




2. Fluid Phase Models: Computational Fluid Dynamics (CFD)

Staggered grid

Define scalar variables at the cell centers, vector variables
at the cell faces

® scalar variables P, p
¢ ® x-velocity component %z
@ Vy-velocity component uy

® z-velocity component w,
o— / )

\ 4

A\

ol




2. Fluid Phase Models: Computational Fluid Dynamics (CFD)

Resolution in time and space set by §¢, 61
Any instability will originate from the explicit term in the velocity update

!

uttl = yn _dypntl _0tan
P p

A=V.-puu+V.r1

Stability condition from explicit treatment of

) Convective term: Uzt uytuz < 5 (Courant)

1) Stress term: v
1) 5t




2. Fluid Phase Models: Lattice Boltzmann Method (LBM)

Hydrodynamic variables for the gas phase: p(r) and u(r)

These 4 variables can be captured by 1 variable: f(r,c)
[defre) = p(x)
[decfre) = pu@)

Time evolution of f(r, c): the Boltzmann Equation (BE)

o f + cVf = C(f) o(f) = _f—fei(p,u)

l

/dc —~ 8 p+4V-(pu) =0

/dc C = Ot (pu) +V-(puu) = —-Vp — V.1




2. Fluid Phase Models: Lattice Boltzmann Method (LBM)

Discretization of coordinate and velocity space

* ¢ ¢ .
* * * -
)
® S -
C4
. * .

fx,e) — fi(r)

I restricted to lattice sites

|

discrete velocities c¢;, such
that r + c;0t is located on
a neighboring lattice site

For the 2-D square lattice:

4 velocities:
{Cla Co, C3, C4}

Ol
ci| = r




2. Fluid Phase Models: Lattice Boltzmann Method (LBM)

Continuous

f(r7 C? t)

p(r,t) = [ de f(x,e,t)
p(r,)u(r,t) = [dec f(r,c,t)

8 f + c-Vf = C(f)

_f_feq(p:u)

T

C(f) =

Discrete

fi(ra t)

p(rvt) — Zf%(rat)
P(r, t) u(r, t) — Z C; fi(r7 t)

fi(r+c;ot, t+6t) = fi(r,t) +C;

f%_f:q(pa 11)

T

Cz':_

o = pe(Gimw?/e




Update in lattice-Boltzmann scheme:

fi(ra t)

output

pu = > ;c;f;
p=2T
\l' > p(r,t)

A4

, u(r,t)

)2 /.2
% ffque_(cl u) /CS

\

/

fi(r, 1)

\

/

fi(et) = fi(r,t) — 2 |fi(r,6) = 7, )]

A4

fi(r+4ciot, t46t) = f*(xr,t)

!

No iterations
All calculations are local




2. Fluid Phase Models: Lattice Boltzmann Method (LBM)

Advantages Lattice-Boltzmann:
- Easy to program

- Ideally suited for parallelization
- Simple boundary conditions
- Faster than CFD ?

Disavantages Lattice-Boltzmann:
- Stability conditions not as clear as in CFD
- Conversion to Sl units is less straightforward

- Not straightforward to include heat transer, and/or GLS flow
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3. Fully-resolved fluid-particle interaction

Interaction between solid and fluid:

. . . no-slip boundary condition
e ©

v

LBM or CFD



3. Fully resolved fluid-particle interaction: LBM

Resolved flow with LBM:

.l.l.

Bounce Back at boundary nodes

.T.T.

Define boundary node as point halfway
an exterior and interior lattice site

In the propagation step: distribution
“bounces back” at boundary nodes,
and returns to its original site >
average flow velocity is zero at
boundary site




Update with boundary rules

Fluid phase: Solid phase:
fz(t) > P u Ra(t) 7Va(t)
4
£
4 4 4
* — £.0¢) — L] f($)— 9 boundary nodes(bn)
Ji fi(t) T [f@( ) =i ] + velocities
Y = output
f;(t+5t) = propagated f* with bounce-back at bn /

%
I,
f—p force Fy, F¢?

\4 \\4
MR, =Y FS" +F;, | R (t + dt)
, ’ NVa(t 4+ 6t)

v l



3. Fully resolved fluid-particle interaction: LBM

Fluid-particle force for a (infinite) random array (Stokes flow)

vdH, Beetstra & Kuipers, JFM 2005 7.0 | | | |
— Equation (31)
Carman
6.0 - -- Koch & Sangani
O Simulation (this work)
A Simulation (Ladd)
5.0 ~ o Simulation (Hill et al)
D
T 40t 74
2
s 3.0 F o S
a3
S ,
™ 20+
F Fryp 10¢ 1415612 0|
(8) = 3mudu = Gop T ~(0)2 -
0.0 ' '
00 01 02 03 04
Relations have also been obtained for o

general Re and polydisperse systems



3. Fully resolved fluid-particle interaction: CFD

Interaction between solid and gas:
stick boundary condition at surface

CFD




3. Fully resolved fluid-particle interaction: CFD

Immersed Boundary Method (Uhimann (2005)):

| Define marker point on the surface, each
® . .

X of which applies a force Fn on the

° fluid, such that the velocity uy,, of the

'. fluid at the marker point is equal to the

® surface velocity wi,

F,, = C6°3.
m 5t

(Wm — Um)

/

Velocity from update
without forcing

C =45 (£)?




3. Fully resolved fluid-particle interaction: CFD

Force at marker point location: O
o 5 Total force density at {ijk}
Fm = C 13- St (Wm, — Tm) from all force points in
range of {ijk}
Update flow field on Eulerian grid: ® l
n+1 _ ..n _ 0t n+1ly. .. _O0taAn ot e
Wik = Wik (VP 5)ijik pAz’jk + 5 i

¢ ¢ ¢

Required: Mapping
Lagrange - Euler

® ® Euler - Lagrange
{ijk}

(note: for simplicity, we assume that the velocity

® ® ® is defined on gridpoints ijk (no staggered grid))




3. Fully resolved fluid-particle interaction: CFD

Euler - Lagrange mapping: Volume weighing

Basic idea shown in 2-D (surface weighing) P

{i,j+1,k} {i+1,j4+1,k}
. *—
® I|s, ! s, _ N _ N _
i Um = g Wik T g itk
Fon
___________________ N _ N
T T Wi+ T G+1k
S S, 3
{i,7,k} ® {i+1,5,k}
+ + +—




3. Fully resolved fluid-particle interaction: CFD

Lagrange - Euler mapping: Volume weighing

Basic idea shown in 2-D (surface weighing)

{i,j+1,k} {i+1,541,k}
- e
° !
______ ¢F'm
S, S,
' *
{i4+1,j,k}

¢ _N Fn

A TE

N Fn,

titiik = o s3

N Fp

N Fn

f; i1 0= 5. o3
+ + +o =

S3 Sa




3. Fully resolved fluid-particle interaction: CFD

Mapping can formally be written as:

{i,5+1,k} {i+1,7+1,k}
¢ —
Euler - Lagrange:
®
= > D(rjj —rm) - Uy,
‘Fm 17k
Lagrange - Euler:
’ . ¢ . fzgk — ZD(rzjk I‘m) F—?;
{%:jak} ® {?’_I_]-:.?ak} 6l

mapping is of course not
restricted to volume-weighing




Initial guess: Solution procedure to calculate
Pzn;cl—l N VP?F variables at time n+1 including
J J IBM force f
,..n_|_1 — un VP”+1 St Calculate velocity field
Wijk = Yk — p @J’f without forcing
I
~ N g1 Map velocity field to
Um = Zzyk D(rwk I'm) Wijk marker point locations
I
— Cs13. L = Calculate !BM forqe at
Fm I ¢ 5 (Wm —Tm) marker point locations
Map IBM force to
— o - Fpn /803 S
Biji \Lzm D(rijp —Tm) - Fm/6 Eulerian grid
antl _ St pnt+l _ 5t ot ¢ .
?,jk: — u%k o ;vpzjk zyk + 2 ka
\l/ n—l—l 'n,—{—l
ijk — p =y an dt
u?}jk uzgk + pVCD




Initial guess:

prtl o yprtl
ik 1k Solid phase:

R’G(t) ) Va(t)

~n—+1 sn—+1

U, <= VB

~ ~ I'rn» on surface of a .

iy < u?‘,'; 1 —om Output: drag
| J / correlation F

A4
coll.
Fab

T |

TR MRo =Y Fg! +Fp, |y Rall+00)

ijk b Vao(t + 6t)
\l/ n+1 _ pn+1
Vot =fvie = T
1] n n
& U™ = U + 5,V




3. Fully resolved fluid-particle interaction: CFD

First test: comparison with the 14
exact expression by Hasimoto Fexact =
. L 1 —1.7601¢1/3 4 ¢ — 1.5593¢2
for a dilute SQ infinite array: ¢ ¢ ¢
F—= Fta iteration-IBM
—_— 14‘ | | 1 I
Fo0.75 A
12 P FO05 v 7
o, F00.25
510 | Fo0.1 ] -
]
® e
LL
=5 -
]
u @ Sl e |
o 7
L ®
4 s, ]
2 L 1 1 ’
0 15 20 25 30
ot °
Fo= v—

512




3. Fully resolved fluid-particle interaction: CFD

ldea:

_ 1-¢
Use Hasimoto for setting an Fexact = 7— 1.760161/3 + ¢ — 1.5593¢42
effective hydrodynamic diameter
(calibration)
0.85
M A
0.8 fit
0.75 | \ Ady/h=0.456+2.6913*(dy/h)" 1™
do 0.7
Ady/h
0.6 |
0.55
d() _I_ Adp 0.5
0.45 1 1 1 [] 1 1 1

5 10 15 dg/h 25 30 35 40
Note that also in LBM an
effective diameter is used!




3. Fully resolved fluid-particle interaction: CFD

Validation: drag for a dense square array:

40

0 10 |
35 F
30 | -
o000 °
XXX
u F 20 |
o000 |
X X X T
5-
0

0 01 02 03 04 05
¢
Witidth diameter correction



3. Fully resolved fluid-particle interaction: CFD vs LBM

Comparison with LB results for the drag for a dense random array:

70

DH10 0o

60 |

a0 t

40 |

30 t

20 t

10 t

0.1 0.2 0.3 04 0.5
)

_ Frp 104 141.5 ¢1/2
F@) = smuin = oy T (0 2




3. Fully resolved fluid-particle interaction: CFD vs LBM

Interaction force between two particles in relative motion

0° 0° 0°
0° 0® @9 i
0° 0° 0°

6(i1)

- Particles fixed at their position
- Particles have equal, but opposite velocities, with Re << 1
- Surface-to-surface distance s varied

- Results compared with exact solution from multipole expansion of the Stokes eq.




3. Fully resolved fluid-particle interaction: CFD vs LBM

Thesis S.H.L. Kriebitzsch (2011)




3. Fully resolved fluid-particle interaction: CFD vs LBM

Interaction force between two particles in relative motion

5 I L) L] 1 L] ] L]
B O
LB @

4 F St ——

Y

0 05115 2 25 3 35 4

s/a

Thesis S.H.L. Kriebitzsch (2011)

do /81 =17

LB

IIB ] ol
E) St -

ANy

N

0 051 15 2 25
s/a

3




3. Fully resolved fluid-particle interaction: CFD vs LBM

Interaction force between two particles in relative motion

do/6l = 9 do/6l =17
| 1 1 1 IIB 1 oI | 1 1 1 IIB 1 oI
4 | - 4 | -
o LB W LB @
| ®v
—2F Y - 2 PV -
P KT o T V é . o A— | |
80 20 —REWoo000 0 0 O
S , S
= © o0 ¢ §
26 s 2t l
4 F i 4} _
0 05 1 15 2/ 25 3 35 4 0 05 1 15 2/ 25 3 35 4
s/a s/a

Thesis S.H.L. Kriebitzsch (2011)
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Three basic models for two-phase granular flow
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Euler

Lagrange

Euler

Lagrange
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Il. DEM models for granular two-phase flow

DNS DEM

F;, follows from stick F , estimated from relations
boundary conditions based on the local 0



DEM models for granular two-phase flow

Unresolved flow: implementation similar to resolved flow

Tt el 1
o o o ® . o ®
® o 0o o * ° L
e o o e .
5 .. ® ® o o ® . ®
° Y
.0.0 * ’ ® o \F. * .\ Fm
oo’ oo ‘o |
- B o ¢ f
o ® . 5 °
s °* ° .
» o ) ® ® ° o ®
= 3rp(va—ua) F ()
N
4 2)

106 4 1+154Y
(1-9)? (1-¢)—2




DEM models for granular two-phase flow

Unresolved flow: implementation similar to resolved flow

%) e b o ° Note that F'(¢) is the same for all
* ‘_' .' oo particles that occupy the same cell.
® ¢ o
o N e To evaluate Ua, again a Euler-
: ° o ¢ L e ‘o Lagrange mapping is required.
@ o ~a °
o ° o ® o F;
e °?® oo ° u, W11
-~ P — i.j+1.k 1+-1,7+1.k
® . ® s
® ° o
’ ° * ¢ ® . °
Uj
Fo = —Fya
= 3mpu(va—ua) F (o)
4 = N\ u
I W
10¢ —I_ 1+15 @1/2 ?’:jak ?’+1a.7)k:

(1-¢)? (1-¢)—=




Initial guess:

prtl o yprtl
ik 1k Solid phase:

R’G(t) ) Va(t)

~n—+1 sn—+1

U, <= VB

~ ~ I'rn» on surface of a .

iy < @t —om Output: drag
| J / correlation F

A4
coll.
Fab

T |

TR MRo =Y Fg! +Fp, |y Rall+00)

ijk b Vao(t + 6t)
\l/ n+1 _ pn+1
Vot =fvie = T
1] n n
& U™ = U + 5,V




Note: there are other implementations where

Initial guess: velocity can be treated fully implicit
prtl . yprtl
ijk ijk Solid phase:

‘ Ra(t) , Va(t)

~n+1 sn+1
u%k = VP;}k
I
o < GEE < T coneiationF
| ~ /
Fo = 3mpd (Va—la) {F)l<
N F\éon.
fijr < Ffa=—Fa jb
A\
5 | Ro(t + 6t)
~n—+1 MRq = ZFC%“ + F , ¢
Un <= fije y PO =N, (¢ + 60)
\l/ 1 5 1




DEM models for granular two-phase flow

Comparison DEM/DNS

Deviation AF of true force from DP force

True force Il.....

Force as calculated in a
DEM model from drag
correlations




DEM models for granular two-phase flow

Comparison DEM/DNS

IIIIIIII|IIII|IIII|IIII
G—o BHK, v,
0
Al
B 7 51 Ergun, v,
0.15 J{é\ BHK, v
4 h\
10 0
E 0.10 gt/;/ ]
Zx
|
.I-) I
0.05 — X
Y
000 @gr—aé'l L 111 | L 111 | | I&_&Jelsdegeg
-1.5 -1 -0.5 0 0.5 1

AF,/ (F-F)

1.DEM drag is 33% lower than the
average true drag force

2. For 1 out of every 3 of the particles the
individual force for deviates more than
25% with the DEM force.




DEM models for granular two-phase flow

ldea: use individual volume .
fractions @; Fy; = 3mpd(d — v;) - F(¢;,Re)




DEM models for granular two-phase flow

Drag correlations derived for static system are not
applicable to moving particles

Natural spreading in the fluid-particle drag is too large to
capture with (advanced) drag models in DEM

Discrete element models are useful for obtaining insight,
but should not be used for qualitative results.




Ill. Example: Effect of air on vibrated granular beds



Vibrated glass-bronze beds

Equal-sized bronze and spheres (100 um)

Experiments by Burtally, King and Swift (Science 2002)

Simulations:

e Particles: “molecular dynamics” with soft-sphere model
» Gas phase: computational fluid dynamics model

» Gas-Particle interactions: unresolved, empirical drag force

» System size: N, = 25 000, W x H x D = 8 x 6 x 0.6 mm?®
AQ2rf)?

g

12

e Parameters:f=55Hz, A=1mm = [ =

No air p» Air p




Vibrated glass-bronze beds

Burtally, King, Swift
& Leaper,
Gran.Mat. 2003

f=530HAzZ
A=0.0Mmmm



Vibrated glass-bronze beds

Experimental I
phase diagram
(Burtally et al) 15 | f=125 Hz
=9
_ A |A
|
@) A "
N"‘-.. 10 |
=) Afl A
S bronze
T on top
[~

0 | | |
0 50 100 150 200

f [5'1]



Vibrated glass-bronze beds

ht

Why do the lig
particles sink to
the bottom?

100

1.0

0.8

0.6

0.4

0.2

tf [-]



Vibrated glass-bronze beds

Sandwich formation:

- Convection plays an important role

- Sensitive of the particle-particle and partice wall friction

ppp ! ppw — | 0.0 0.1 0.4
0.0 Bottom Bottom Bottom
0.1 Middle (40 s) | Middle (10 s) | Top
0.4 Middle (20 s) | Middle (10 s) | Top




Concluding remarks

DEM simulations are a “cheap” way to incorporate
the effect of air, however, they should only be used
for getting qualitative insight

Almost all DNS simulations suffer from (large) grid
resolution effects. The use of an effective diameter
Is essential for getting accurate results






With: Devaraj van der Meer
Key features of the model: Ko van der Weele
Gabriel Caballero

 Particles: soft-sphere model, 0.5 mm diameter
» Gas phase: computational fluid dynamics model

» Gas-Particle interactions: unresolved, empirical drag drag

« System size: N, = 14 000, W x H x D = 100 x 50 x 2.1 mm?3
AQ2r )2 e

g
> No air P Air >

e Parameters: f=6.25Hz, A=10mm = [ =

First documented by Da Vinci (1500) and Faraday (1831)



Mechanism for steady state heap

ﬁ,,\xx\\\\h
\ el rrd i Ed
Sewcss sl d

.f-...ll.\\\\\ L

/-!...I.\\\\\‘ - .
NN
o s
s
B L L
H\.I-.r.r..r.lr) A
e AR R

D v
._/H
i

A\

/




	Slide Number 1
	Slide Number 2
	Slide Number 3
	Outline �                      
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Outline �                      
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Outline �                      
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Slide Number 55
	Slide Number 56
	Slide Number 57
	Slide Number 58
	Slide Number 59
	Slide Number 60
	Slide Number 61
	Slide Number 62
	Slide Number 63
	Slide Number 64
	Slide Number 65
	Slide Number 66

