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Introduction

e Quadrature methods have been proposed in 1997 by Robert McGraw

e QMOM has been validated and applied to the simulation of many
particulate systems coupled with Eulerian-Eulerian volume-averaged
approaches

e DQMOM has been proposed in 2003; it was shown to be equivalent
to QMOM for low Stokes numbers

Topics of this work:

¢ QMOM/DQMOM identify a new class of methods that do not
need volume average

¢ QMOM and DQMOM are identical also for high Stokes number
flows

e Application to mixing and segregation in fluidized beds:
comparison with experimental data
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Generalized Population Balance Equation

e A particulate multiphase system can be characterized in
terms of a NUMBER DENSITY FUNCTION:

Particle velocity

\
n(L,U,, U;:x,t)dLdU,dU,dx

_ ) Fluid velocity “seen”
Particle size by the particle

e ... or by a VOLUME DENSITY FUNCTION:

&(L, U, Usx,t) =k,L*n(L,U,, U, x,t)
™ Particle shape factor

AL
et ) " ) ~
: 'fﬁ"': June 15-20, 2008, Whistler, British Columbia, Canada CFD on CRE o=

Generalized Population Balance Equation

e Governed by a Generalized Population Balance Equation

Particle convection Particle continuous growth
ap 0 \:{ 9 o) 38,
( _ d .
+ 3{;1)1_ (‘413?'4'1’) + T—m (Aca"’f’) - h’(‘L! Up, Ui x, t)

Particle acceleratié' i / i Particle collision
Fluid acceleration + nucleation
(seen by the particle)

O L. 3G, . .
% + Vi (lTp(-)) + Ve (GC)) - T(.D + vUp (Apo) + vUC (ALUJ = }1(1—"1 -pr U x, t)
Vectorial notation
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Quadrature approximation

e The NDF can be described as a summation of Dirac delta
functions

N
n(L,U,, U;x,t) = Z w,o(L — L,)6(U, —U,,)o(U.—U!)

a=1
wy, L, Uy
W Wy, Ly, Up,
ws, L3, U, 5
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Quadrature approximation

The VDF can be described as a summation of Dirac delta
functions

(L -U Z Oa L L H 5({ -0, P, C\) H 5[{"2::' - {v:z)

a=1 = i=1

$1, L, U O = Weaky L3

d Du(x, 1) = Zo
ZILZI p,2
X, 1) =

¢3/ L3 !
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Quadrature approximation

The GPBE is therefore solved in terms of the evolution of
each node of the quadrature approximation:(for a € 0, ..., N)

5, 15)

—_— ,-" a (_ 7.0¢ = 'O

ot (¢ )—I_(hz(o pi.a) “
9, o
— (¢ a-L'o- — (¢ o-[-"'r i.a-La = fﬂ
ot (¢ )+ ox; (Pallp ) ’

| T a f T T . ¢ ¢
g (@a [";pj._(l) —+ ? ((;Ja ("}pi.(l(-"'lpj._a) = Cja J € ]__.. 2_. 3
s [ 4?

0 0
é—(%(f;j) + 50 (0aUpialy) = dja j€1,2,3




Quadrature approximation

e The source terms are calculated by forcing some
moments of the VDF to be correctly predicted:

My en(X, 1) =/ / [ O(L, Uy, Ug; x, ) L'UFUR AL dU,, dU,
. -!L !'—}Up 1Uc

Order of the moment with
respect to particle size L

h = (hy, ha, h3)
ml= h«—— Order of the moment with
/ respect to fluid velocity U,

(k1 kg, k3)

Order of the moment with respect

~§ to particle velocity U, CFD on CRE
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Mono-dispersed system ( N=1)

e If only one node is used:

1 =0y =0,ky=0,kg=0,hy =0, hy=0,hg =0,
I=1y = 0,ky = 0,kq=0,hy =0, hy = 0, hy = 0,

/particle growth rate

9
% (1 L1) + V(91 Up1Ly) = b] + 601G Ly, U, . UL,

a _ B
P (1) + V (Up164) = ay,

;T); (01Upa) +V (01UpaUpy) = €] + 1A (L1, Uy, Ue),
particle continuous
acceleration
I=0fk =1,ky=0,ks = 0fhy =0,hy = 0,hg =0,
G 1=0k =0,k =1ks=0Jhy =0,hy=0,hg =0,
l

= Ok = 0,y = 0,ks = 1Jhy = 0. 7o = 0.7 = 0. crp on cRE -

Mono-dispersed system ( N=1)

¢ Final equations (identical to volume-averaged equations!):

nucleation
5 1 30,01
% (op?1) +V (gp?1Upa) = 0pSop.0 + e G(Ly, Upy, Ue),
1
nucleation and collisions particle growth
A

d . . 7
pn (opP1L1) +V (o1 Up1Li) = 0pS1.00 + dopd1G(L1, Uy 1, Uy,

nucleation and collisions
A

oy . _ . 3optn -,
77 (@1 Up1) +V (2p01Up1Up1) = 258010 + T G(Ly, Upy, Ue)Up

||Uc — Up,l ||[:Uc — UD_.I :]
L ’

3
— 1 Vp+ dropg + r;’Jl';I(_.'DQC

particle acceleration due to buoyancy,

gravity and drag forces 1 CRE _




Mono-dispersed system ( N=1)

REMINDER!!!
What is §??7?

/

Sikn(x.t) = f f f h(L, Up, Ug;x, ) L'UFUL AL AU, dU.,
0 !_!Up Qe

/

Particle collision
+ nucleation
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DQMOM - Binary system ( N =2)

e The first four moments (with respect to particle size) are
conserved:

M0.0,0, M1.0.0, 712.0,0 and mMs3.0,0

O ‘ ,
5 Q1)+ V(Upidr) = arm———— | | _ 0k, = 0.ky =0,k =0
L= 1fky = 0,ky =0, ks = 0
v, =9k =0, ks = 0. fa =
(62) 4V (Upao) =as— | L =2 =0k =0k =0

Il

:
ot [ =30k =0 ky =0, kg =0

0 -
g (leL'l) +V ((ff)lUp.lL'l) — bl + @

5 o
(aLa) + V (1 UpaLla) = b5 + ¢2G(La, Uy o, Ue),

(_
!

DQMOM - Binary system ( N =2)
e It can be solved analytically:

Spo0(3Ly — Ly) L] _ GS00LiLe | 3Sy00(L1+ L) 25300 3¢ G (L, Uy, Uy

o= (Ly — Ly)? (Ly — Ly)? (Li— L) (Ly— Lo + Ly
SooolLi —3La)L}  6S100L1Ly 3Sy00(Li+ Lo) . 2S30.0 + 3¢9G(La, Upa, U, )
az = —
B (Ly — Ly)? (Ly — Lg)? (Ly — La)? (Ly — La)? Ly
25 212 g 2 2 So ool L2 - S. -
b= o,o:oﬂgi} _ Sioo(4L +L1L23+ L3)Ly + 252:0,0[.111 + L1L32 +Lo)  Ssoolls +1312) 430G (I
(L1 — La) (L1 — L2) (L1 — La) (L1 — La)

b 7230.0.011%1[% . Stop(Li+ Ly +113) L4 B 2850013 + LiLo + L) _ Sapplly+ L)

(Ly— Ly)? \ (L1 — Ly)? (L1 — Lp)? (L1 — Ly)®

Most of these terms represent the change in
solid volume fraction and particle size due
to NUCLEATION and COLLISIONS

+ 3G ]
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QMOM - Binary system (N = 2)

e This formulation is equivalent to the solution of the first
four moments (with respect to particle size) if the
moments are convected with their CORRECT velocity!!

9,

d (’”?A 00) +V (U my. 00) = Sk.o.0,

VELOCITY OF l y
THE MOMENT U”* = > e 9aUp aL
OF ORDERk Mi.0.0
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DQMOM/QMOM - Binary system ( N= 2)

e With both approaches we can accommodate moments of
order ONE and TWO with respect to particle velocity:

%) ‘
i‘;_f (Qp(.i:)ct[]p.a) + v (Qp(v"‘)Q[Ip,E!-L]p.L'!) = _C)va + (,-"')ctng

3 U, — U, -u,
_|_ (.DCEEZC"DQE' || C P :::y( ) _|_ Qpc:t

}\1:1 k‘3:0fu:0, /

0}11—0 k‘z—o ,lm‘_;:l,
0,k =0,k =0k =2,

=1,
L=tk = 2|k = 0.8, =0, Thesr(]e terms reprsslent the .

L =0,k = O ky = Llky = 0, change in particle momentum
|0k — ok — 2l — 0 due to NUCLEATION and
I : COLLISIONS

I =

TRELT
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Experimental and simulation setup
e Two poly-dispersed powders were fluidized at different
superficial velocities (0.05 — 0.15 m/s)
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Experimental and simulation setup

e 2D simulations were run by using FLUENT 6.3
e Both DQMOM and QMOM were implemented

e The additional transport equations were implemented by using
User-Defined-Subroutines (along with specific calculations for
post-processing and PD algorithm)

e A very simple case was investigated (no nucleation, no
aggregation, no breakage) therefore most of the source terms
are null

e The drag force was calculated with the relationship developed
by Mazzei & Lettieri (2006)

e The collision terms were closed by using the standard kinetic
theory for granular gases

_ Fluid Density: 1.29E+00 kg/m?3
" u  Fluid Viscosity: 1.85E-05 Pa s

5% Solid Density: 2.50E+03 kg/m? 0 on e

Experimental and simulation setup

e [Initial conditions for particle size were calculated using
the Product-Difference algorithm (TOP)

0.50
0.45 -
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0.35 | L
0.30 - L
0.25 -
0.20 -
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0.10 -

0.05 - D
0.00 T T — = T T T T | E—
0 106 125 150 180 212 250 300 355 425 500
Sieve Aperture Size - Micron
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Mass Fraction




Experimental and simulation setup

e [Initial conditions for particle size were calculated using
the Product-Difference algorithm (BOTTOM)
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Mass Fraction
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Results — simulations 0.15 m/s

Evolution of volume fractions
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Results — simulations 0.15 m/s

Evolution of particle sizes
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Results — simulations 0.15 m/s

e By manipulating the equations for the case of no
nucleation, no aggregation, no breakage:

0
— (¢a) +V (0aUpa) = 0
‘;ﬂ e ¢> V(L,)=0
E(QOGL')‘FV(OG )

. it is possible to show that all gradients in £, and £, will
dlsappear with time resulting in flat profiles even in the
case of particle segregation!

Only if some intrinsic particle phenomena occur gradients
in particle size will persist

B
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Results — simulations 0.15 m/s

e The fluidized bed is collapsed ...
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Results — exp & simulations 0.15 m/s
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Mass Fraction

Results — exp & simulations 0.15 m/s
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Results — exp & simulations 0.15 m/s

e Comparison between experimentally measured and
simulated moments of the PSD

Exp N=2 N=4
M, | 0.64 0.64 0.64

M, | 1.16x102| 0.99x102| 1.19x102
M, | 2.85x10*| 1.65x10%| 2.87x10%
M | 7.95x106 | 2.75x106| 8.15x10Q¢
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Results — simulations 0.05 m/s
Volume fractions at 10 s
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Results — simulations 0.05 m/s

Particle size at 10 s
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Exp-sim 0.05 m/s 055 |

Mean particle size
120 (um) at 12 s

Mass Fraction
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Results — exp & simulations 0.15 m/s
e Comparison between experimentally measured and
simulated moments of the PSD
TOP BOTTOM
Exp. Sim. Exp. Sim.

M, 0.64 0.64 M, 0.64 0.64
M, 0.63x102 0.48x102 M, 1.73%x102 1.55%x102
M, 0.45x10% 0.65x10% M, 4.98x10% 0.65x104
M, 0.42x107 0.91x107 M, 1.50%x107 0.91x107
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Conclusions and next steps

e From QMOM and DQMOM a new class of methods stems
out (very similar to volume-averaged equations)

¢ QMOM and DQMOM methods are equivalent (also in
the high Stokes number limit)

e What is different from standards methods? The
sizes of the different particle classes are not fixed but
can freely move in the particle size space

e Mixing and segregation patterns are decently predicted

e Increasing the number of nodes better and better
agreement is found

e The quadrature approximation could be further exploited
to solve the collision integral (integration with the kinetic
“theory)
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Conclusions and next steps

e A few issues still need to be addressed ...
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Conclusions and next steps

e A few issues still need to be addressed ...
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