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Two Fluid Model

Gas phase:

A (pgl) + V-(pgilh) = —eVP — V- (er) + B(v—id)

Solid phase:

Ot (psV) + ﬁ'(/05\7\7) —ﬁps — 6 (es7s) — B(V—U)
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Gas: CFD Solid: CFD



Discrete Particle Model

(low resolution)

Gas phase:
A (pgll) + V-(pgill) = —eVP — V-(er) + (V-0
Solid phase:

d - 6v; ..

v = > Fi 1_;(Vi— )

K
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Particle-particle interactions
(Collision forces)

Particle-gas interactions
(gas-solid drag)

Gas: CFD

Solid: “molecular dynamics”




Drag coefficient B : empirical relations

Most popular in chemical engineering
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Other relations:
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Lattice Boltzmann Model

(high resolution)

Gas phase:

~ - ~ = “poundar
Ot (pgli) + V-(pglit) = —eVP — V-(e7) conditioné/”

Solid phase: /
d . S

dt
/ \
Particle-particle interactions Particle-gas interactions
(Collision forces) (gas-solid drag)

Gas: Lattice Boltzmann Solid: “molecular dynamics”



Model Type Scale Closures

Two Fluid Euler 2 meter Ps u f3
Euler A A A
Kinetic theory of granular flow ”
_ _ Euler 6 _ ﬂ3
Discrete Particle Lagrange 10 particles N
Pressure drop experiments >
Lattice Boltzmann  Euler 10°particles _

Lagrange




ll. Gas-solid drag force from
lattice Boltzmann simulations

A. Low Reynolds numbers
B. High Reynolds numbers
C. Binary systems



A. Drag force for low Reynolds numbers
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Carman-Kozeny approximation: K
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!

~ g2 (2 o l—¢ Carman
B = — p = 180 equation




0
03 04 05 06 0.7 08 09

S

1.0

— Carman
— Ergun
——— Wen & Yu

¢ Ladd

[1Mo & Sangani

Carman: g =

Ergun: g =

180

150

1—¢

l1—¢




Lattice Boltzmann Simulations

Simulation details:

54 static particles, PBC

- = 04-0.9

-d = 8, 17 and 33 lattice sites
Results extrapolated to d = o
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Pressure d rop measurements
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B. Drag force for 10 < Re <1000
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Best fit to LBM data for arbitrary Re numbers

G = 18015 + 1823 (1 + 1.5v/1%)
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NB: Ergun equation: 3 = 15017 o | 75 e
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C. Drag force in binary systems

yi = di/{d)

Carman-Kozeny:
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VDH, Beetstra & Kuipers,
J. Fluid Mech. 528 (2005)




Model Type Scale Closures

Two Fluid Euler 2 meter Ps u S
Euler 4 4 4
Kinetic theory of granular flow ”

Euler

6 :
Lagrange 10 particles

Discrete Particle

Pressure drop experiments

Lattice Boltzmann  Euler 10°particles
Lagrange




lll. Discrete particle simulations

Discrete particle model

. Segregation: effect of the drag model
. Simulation of fine powders

Pressure from DPM simulations

o0 >



A. Discrete Particle Model

Gas phase:
Ot (pgl) + V-(pgiil) = —eVP — V-(e7) + B(v-)
Solid phase:

d - 6v;

LMV = JZFij - 1_;(Vi— )

I

Particle-particle interactions




Particle-particle interaction force Fi

Collision forces : spring-dashpot model

Fijn = —k oM — 7 Vijn
dashpot spring constant damping

coefficient
2 g
. = q I
* Electrostatic force F; = ——— —
dmre rs
g



B. Effect of drag on segregation

Binary mixture of 40 000 particles: Red: 1.5 mm
U,=0.9m/s

Blue: 2.5 mm
U,=1.3m/s

Fluidized at
U=1.3m/s

t=2.4000 [s] t=2.4000 [s]

B=p B = [ey; + (1—e)y?] B
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Intermezzo: Segregation in vibro-fluidized systems

N. Burtally, P.J. King
and Michael Swift

Science 2002

Bronze and glass
spheres of the
same size (100 pm)

Simulation:

Np = 25000
f = 40Hz
[=aw’/g =T

No air Alr



C. Simulation of fine powders (group A)
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D. Solids pressure from DPM simulations

Low density:

High density:

Ps — p59
Ps = ps6 (1 +y)

Elastic spheres in vacuum: Carnahan & Stirling (1969)
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Inelastic spheres in vacuum:

Simulations:
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Model Type Scale Closures

Two Fluid 2 meter

Kinetic theory of granular flow

. . Euler 6 _
Discrete Particle Lagrange 10 particles
Pressure drop experiments >
Lattice Boltzmann  Euler 10°particles _
Lagrange




Summary

Lattice Boltzmann simulations: drag force
Monodisperse: significant deviations with Ergun & Wen/Yu
*Bidispersity has a much larger effect than currently assumed

Discrete particle simulations

eSegregation: good agreement with experiments
* A powders: qualitative agreement with the Geldart correlation

» Pressure: excellent agreement with kinetic theory

Two fluid simulations

«Coefficient of restitution gives rise to heterogeneous structures

*Reasonable agreement with the experiments for the bubble size



V. Outlook & Challenges ahead

A. Drag force

 Bidisperse - polydisperse

* Mobllity

* Heterogeneity




B. Closures in two-fluid model (monodisperse)

Drag coefficient 5 — . Lattice Boltzmann

Solids pressure Ps —  Ps = ps8(1 + ;)

D

Solids viscosity 4 —— p= o4 (yl + g + 0.761yi) ?



Kinetic theory (Enskog)

@ MD (Alder 1970)
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Elastic spheres:
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 Effect surrounding gas » Cohesive forces

* Particle friction  Polydispersity



C. Two-fluid simulations of Geldart A particles

d:75,um,p5=1500kg/m3 — Upp =7 mm/s

f =0.15

U=0mm/s U=9mm/s U= 200mm/s



D. Simulations of industrial scale fluidized beds

real two fluid discrete

Van Sint Annaland,
model bubble model Bokkers & Kuipers,



Industrial scale column:
e Dimensions: 4 mx4mx8m
* Gas velocity: 2.5U =0.25 m/s

Emulsion phase properties:
* Density: 400 kg/m?3
e Viscosity: 0.1 Pa.s

Bubble properties:

e Initial bubble size: 8 cm

e Maximum bubble size: 80 cm
 Typically ~ 5000 bubbles




