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* Introduction

* Theory

« Coupling PBE-CFD

« Diffusive Transport

* Modeling of Coalescence Phenomena

* Modeling of Breakage Phenomena

« Discretization of internal (size) coordinate
* Results & Discussion

« Simple Pipe Problem

« Complex Geometry Problem : Static Mixer

* High Quality CFD Data
* Future Plans
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Evolution of the size distribution of the secondary phase
* IN

¢ Time

* Spatial coordinate

* Internal coordinate

a——

« WITH
* Hydrodynamic quantities
* Physical qualities
09‘.
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‘ Complexity of flowfield

‘of Coalescence/ Breakage

PARSIVAL ANSYS CFX MUSIG™ Model
Fluent, Star CD

w -

The effort results in an inevitable coupling of CFD and PBE.
No analytical solution for practical problems!

No commercial code sufficiently good for every case!
Accurate CFD calculations for complex geometries!

High computational costs!

Lack of unified framework of “breakage kernel”!

Robust, fast and accurate prediction of mixing properties!
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%+ug+?f=3++3-+c++ﬂ-

O v, Vf-V-(PEVf) = B + B~ +C* 4 C-
at ar

» A scalar non-linear time dependent non-homogenous convection-diffusion
problem.

* Non-homogeneity: Source and Sink terms due to
» Coalescence

- Breakage
* Robustness and fastness depends on the numerical schemes.
* Accuracy depends on modeling of source and sink terms.
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PBEs are introduced into ¢-D problem

* An integro-differential equation
« which has to be treated very carefully!
« which has to be closed with proper kernels to obtain accurate results.

» which has to be discretized with proper techniques to obtain robust and fast
solvers.
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Theory: Breakage kel
Turbulent stress acting

between two points,
O ==

Surtac& restoring
Low surface energy pressure 1 (d,) =< a/d,

increase, most likely

. If 1, (d,) > t(dy) & 1, (d,) > 1,(d))
Eddy with
energy E

The breakup probabilitye<[z (d))-t (d )]t (d,)-T (d)]
Equal-sized breakup most likely

>

High surface energy
increase, less likely

(a) Luo and Svendsen (b) Martinez-Bazan et al.

”
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Theory: Tsouris & Taviarides

2/ de,min

g{d] = k?g.DF(qé)E:'?;‘g/ (2/1&1 + d)2(32k—r2;‘3 4+ 1-07@253)1;’2
2/d

exp(—E,./Cie)dkny

- Geometric parameter kg : ratio of impeller volume to tank volume.
«  Empirical parameter C,: found by LSF to measured data.
« The breakage frequency is too much problem specific!
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Theory: Lehr et al., 2002

«5/3
KB = £ exp (ﬁ)

2T d+>

G exp (—2.25 (111 (22/5d~*))2)
(L\/ch*)?’ 1 + erf (111 (21/15d*)1.5)

*  Work with non-dimesional parameters for wide range of operating
conditions.

Cb(/Ua/&) —

Charecteristic time, length are introduced.
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—Fine grid computation —Fine Grid Computation
— Coarse grid compulation — Coarse Grid Computation
500 4 ® Wilkinson's experiment GO0 ® Wilkinson's experiment
— Buwa's computation — Buwa's computation
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Piecewise Constant Approximation
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To solve the integro-differential PBE for practical applications, the integrals
should be discretized with a proper discretization technique.

* Method of Moments (MOM), McGraw and Saunders, 1984

* Quadrature Method of Moments (QMOM), Marchsio et al., 2003

» Direct Quadrature Method of Moments (DQMOM), Marchsio et al., 2005
- Parallel Parent Daughter Classes (PPDC), Bove et al., 2005

* Method of Classes (MC), Kumar and Ramkrishna, 1996

« Cell Averaged Technique (CAT), Kostoglou, 2007

IF THE DISCRETIZATION IS FINE ENOUGH, THE RESULT SHOULD BE
INDEPENDENT OF THE CHOSEN METHOD! ?
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« All is based on formulating a
tracer equation for moments or
abscissas and weights.

*  MOM: the key is to formulate the
problem in terms of the moments
in closed forms.

MOM can be used when the
source and sink terms directly Q|\/| OM

computed. Which is possible only
for growth terms.

« MOM is extended to QMOM for

DQM

breakage and coalescence. MOM

- DQMOM avoids the PD algorithm
which is used in QMOM and
tracks the abscissas and weights.




_ technische universitat
dortmund

Reformulation of the problem in terms of moments

o 1 +oo +oo
Bxn= [ nGixn [ pwd) C

x (1 + Y Pn(u;x, ) dud),

Di(x,t) = f o LFn(L;x t) o B(L, 7)

x n(A;x,t)dAdL,

L +oo +oo
Bb(x,t) = /0 LF /0 a(A)b(L|A)n(A;x,¢)dAdL

- +00
Do(x,t) = La(L)n(L;x,t)dL L4
g 0
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where B;:}' = p(Li,L;), ai = a(L;), and

p = / L*b(L|L;)dL.
0 _

i=1
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Theory: MC & PPDC
MC formulation of the problem yields,
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What's a good value for discretization constant g ?

e —q=1.05 Lehr et al., 2002
—qg=1.075
600.0 1 ] 15
—q=1.25
500.0 A ——g=15
“ v 9720 . ?
Da.we really need all this intormation?
g:ﬁﬂﬂ.ﬂ .
200.0 4
100.0 1
[ ] L IR ———

0.000 0.002 0.004 d [m] 0.008 0.008 0.010
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Perent classes
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Theory: MC & PPDC

The key is product difference algorithm. (Gordon, 1968; Bove et al., 2005)

Y NiF =mp™th), k=0,....2M -1

. BSbDsttbtivihpalremdtcbasses at tn.

. Gemgratintha nevt@xpavitedrBsEs aff tP 1.

. Bstardibrihe fen2he imo mdragaidhenatix dxpdhdedrBeSDf a.

v. BigenvahesediidedSHD alitcdseasdes dyocasiriRSPDaalddnichmumber

v. Fepabeseanme fourdpy the first entries of corresponding eigenvectors.
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a(v,v)=C(v+)
N (t) = Noe~CNovo!
N,=1, C2ZKNgv,=1
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Theory: MC & PPDC
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Comparison of MC and PPDC for the following case:

a=0.18, £=0.3924, water-air mixture

Reference solution;: PPDC5
10°

Error %
|_\
o

fractional moment order
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Somviatgemoé adaldbent erantt b redk )8, doindrdressesasses.

Number Density vs Time
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Theory: CFD-PBE

Non-stationary two way coupled, CFD - PBE.

Naviergstokes equation
C1 @- external coupling
_ u
momentum eguation

continuity equation _ _
- internal coupling
@y &@ u :velocity
Y1 :
p :pressure

- v, : turbulent eddy viscosity
turbulahcegnodel y multiphase model o - holdup
c3 s C4 Sy | Production rate of
k-o ol k, population balance equation bubble induced turbulence

Non-stationary one way coupled, CFD - PBE. X

\u]

Stationary one way coupled, CFD - PBE. X
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Theory: PPDC and Convection

Suggested Hykmawe {Biove) RGBS parent class,

-3 EY

e

L4 hCaIculage the source and sink terms due to coalescence and breakage at
every x,accoxding'to PPDC. 4 " g
o With thése caliuﬁted terms ob?airhthe source anfi s}inlf terms for first 2m
- (ZBrde:ar '0f moments: e -
o Con:ve,&t the f rsf Zh Homents WHMHESE source &nd gink terms, solve 2m
) cC-q)iprb})lem. 3
Vo oC bt%a n the reducléd 'PSIZ) by prodult difference algdrithm at every x; which
o is f(d|x g"1).
o | L L
0
2 .

(M + (0 — B - C7) M) o™ = (M - (1= ) K + Bf + ) At) )™
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1.10E9
2.00ES8
5.40E6

# density 1

8.35E8
1.50E8
4.21E6

# density 2
5.70E8

1.01E8
3.02E6

3.04E8
5.10E7

# density 3
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Results; PPDC moments

1.15E9
6.80E5
1.95E-2

0’'th moment

9.36E8
= 5.42E5

1.85E-2
1’'st moment
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d32 PPDC
number 49263008 54390008 5.5869«H108 56143008
density 2.7821et008 33381008 3.5106eH008 3.5366etH008
interfacial area 1.0642eH003 1.0941eH003 1.1138eH003 1.1254eH003
density 96713002 96144002 9.6379eHI02 96448302
ds; 1.691 4e-003 1.6451e-003 1.6160e-003 1.5994e-003
1.8612e-003 1.8722e-003 1.867 7e-003 1.8662&-[}[}30‘2“
dyz 2. 8187e-003 2.6556e-003 2.5158e-003 2.4146e-003 0‘
3.0212e-003 3.0824e-003 3.1032e-003 3.1[]45&-[}[}3?. 3

-
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» Xy plane at z=0.0219 m, distribution
just after the mixer.
« yz plane is located at x = 0.0128 m,

midplane in x.
* d;, =10.55E-6 m

4.5e-05

—4e-03
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« Xy plane at z=0.0243 m.
« d32=10.63E-6 m.

4.5e-05
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2e-05
» xv plane at z=0.0312 m, outlet.
4.5e-05
—4e-05 i
—3.5e-05 _|
7 oid Fraction
3e-05 5
| iameter
2.5e-05 B
2e-05 |
1.5e-05 |_|— d
10* 10° 3
1e-05 d(m) |am8tpr
L N | g
59_06 10 10 t}(?n) 10 10 ?
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d,, distribution

* 10.5E-6< d;,<11.2E-6, d;, = 10.8E-6 (all in meters)

« Dispersed phase is mixed homogenously in spatial space. Neverthelécs a2
previous graphs has shown that mixing has a bimodal distribution. ?0 @f'
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2% : _
X sauter mean diameter
E
§1- .
©
0 | | | | | | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

time(sec)

« Changes in the cutplanes are too small.
« After the first flow through ( = 0.035 sec), d32 = 10.8E-6 m.
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X 10

14

—
no

"
o

mean d?)2 {m)
L

4 | |
0 0.2 04 0.6 0.8
time (sec)

» Calculations for three different initial condition.
* dj, = 760E-6 m in equilibrium.
* dj, = 10.8E-6 m in equilibrium (recent). *Q,
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d,, = 760E-6 m d,,~ 10.8E-6 m
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