CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Couciusions

(1) A senu-treorzacal model for determining the rate of bubble coalescence in
turbulent gas-iiquid dispersions has been developed, based on the thecrdes of
molecular coilision and isotropic turbuience. and an empirical (or semi-theoreti-
¢ i) coalescence efficiency function of rthe coalescence time and the interaction
time. ‘This model has only one unknown parameter and has included the effect
of size mto berween two bubbles. This model may be used to the liquid-hquid
dispersions. Unfortunately, no expsrimental results are availabie to verify this
model.

(2) A theoredcal bubble or drop breakup rate model has been proposed, based
on the puncrples of molscular collision, isotropic turbulence and probabiliry.
This breakage rate model has none unknown parameters or constants. In addi-
ticn, it does noi need i assume a daughter bubble or drop size distribution like
mosi of previcus work. The daughter size distribution can be obtained directly
irom this model. The predicied daughter bubble or drop size distributions by this
model have shown very good agreement with the experimental results of Hesketh
er al. (1991a).

(3) The parallel film concept has been extended tc develop two theoretical
models for the approach berween two equal or unequal sized fluid particles. A
simple model gives expressions for the film area and the interaction time. The
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174 CONCLUSIONS AND RECOMMENDATIONS

lamter has been used to determune the coalescence efficiency in the bubble
coalescence rate modz] mentioned above. A more general model can only give
nurnericl solutions for the film arez and the interaction ume. The predicted film
areas by the general model are in good agreement with the experimental data of
Scheele and Leng (1971), but those by the simplc model are nor good. Both
models give similar results for the interaction t.ne and do not ceincide with the
experimental data well. The detaiied analysis for the data shows that the devia-
tions may be caused by the oscillanons of the particles themselves.

(4) A one-dimz=nsional poptlation balance model has been proposed for deter-
mining local bubble size distriputions in bubble columns. In thus model, the
coalescence and breakup rzie models are used. This model has an unknown
parameter and the predicied results zbove the entrance region for the ar-water
sysiem i a tall bubbie columa by the model are in agreement with the measured
results by the five-poin: conductivity probe technique, especially for high
superficial gas velocities. This mode! shows that. for the air-water systern, the
bubble size distributicn above the entrance region of the column is not sensitive
1o the bubble sizes formed by the gas disinburor.

(5) The psecudo-homogenccus fluid concept. which has been frequently used for
modeling the liquid circulation in bubble columns but has aiso been often mixed
with the two-fluid concepi. has been clarified by this work. An anaiyncal
expression for the radial liguid velocity protie has been derived from tius
concept. using a radiai wirbulent viscosity distribution in single-phace pipeline
flows and an ercpirical expression for the radial gas holdup distmbutien in bubbie
columns.

A new two-fluid mode] for the liquid circulation nas been proposed. Unlike the
previous iwo-fluid models, the assumption that the sihear sresses in liquid phase
and bubble phase are 2qual. is not used. because this assumption is found to be
unreasonable not onlv in phvsical meaning but also in the same equaticn: of
motion as the pseudo-homogeneous concept. The new two-riuwid model can aiso
give analvtical expression for the liguid velocity profile. using the same distribu-
tions for turpulent viscositv and gas hoidup as in the pseudo-homogeneous
model.
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These twc models are easy and fast to use, and are in good agreemen: wiih the
expenimentai data reported o the liierature. Since these models have no: ignored
the effect of molecular viscosity. they can also give good predic:johs zven ‘tor
hugh viscosiiy liquids. The pseudo-homogeneous model is simpler but needs to
tune the gas hoidup disxibution parameter. m. 1o the 2xperimenta! data. The two-
fluid model is better in physical concept and usually need not to mune the
parameter. m.

(€) A new model tor determining bubble sizes and specific interfacial arcas in
pubble colvmns by the dynamuc gax disengagemen: iechnique is developed.
based on a corcept of non-uniform steady state distribution of the bubble
dispersion. Interprenng the non-umtornuty in the axial direction. this model
using the DGE techmque gives axiai gas holdep distribuions, and by assuming
an axiallv nomogencous dispersicn. a radial gas heldup disiburion can be
obtained. The Sauter mean diamreters and specific imerfacial areas for several
gas-liquid systeros have been esomated by the modei and the DGD techmque.
The results in the air-water svstem ars compared and are in 2greement with those
measurad by 2 five-point conducuvity probe technique. The obtained axial gas
holdup distributions agree well with those measured by Menzel (1989) and the
radial gas holdup disributicns for the same svstem are also in reasonable
agreement »wIth those measured in dus work. Resuits are also reperted for the
air-salt water. air-aqueous propanol and air-dodecvibenzene systems.

(7} By using the five-point electrical conductivity probe rechaique. measurements
for bubb!s size disuibutions. bubble velocites and movement directions. and
local gas holdups in the air-water svsiera have be done. These data nave been
used venfy tbe modeling wodk.

8.2 Recomnmendations

(1) Tne coalescence rate model needs io be unproved. It is bemter to aveid vsing
the empincal function. exp(-1~1)). and to 2mploy the probability method, 1, 2 7,
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for determining the ccalescence efficiency. Another considerauon for improve-
ment may be 10 model the coilision and the drainage processes simultansously
(thev are inrrinsically synchroncus), instead of separating therm into two different
processes as done ai present.

In order to verify modeling work for coalescence rate and coalescence efficieacy.
experimental data for these ars required. but unfortunately they are not available.
The experimenial data for the interachion rime between two unequal sized
bubbles or drops are also required. as 1o confirm the effect of sizc rano.

(2) More general models for the coalescence time between two equal or unequal
sized parucles with fully- or partially- mobile interfaces nezd to be developed.
The imteraction time model also needs to be improved, since the parallel fiim
concept may have large deviaticn from the fact when size difference berween
two bubbles or drops is large. '

(3) Two-dimensicnal population models or une-dimensional models with consid-
eration of backmixing may need 1o be developed. More experitasntal measure-
ments abcut the bubble size distribution and gas holdup at gas distmbutors are
needad.

(4) In almos: all modeling work for the liquid circulation in bubble cclumns, the
empirical gas holdup distribution. £5ol1-9™). has to be used ard the parameter.
m. n=eds to be known or uned. This empirical function should be avoided or the
parameter. m, shouic be detertuined by modeling. This may be done uulizing e
principle of energy minimization or assuming anaiogy of the turbulent properues
betweer. single-phase and multi-phase flows.

(5) Theoretica! or semi-theoreucal relationships for bubble termiral velocity 1In
wide ranges nesd to be developed. Modeling 2nd measurement for gas holdup

and bubble size distribution near the gas distributor are 2ls0 needad.

(6) The effect of solid particles shouid be considered into al! the above modeling
work, in order to enable them useful to three-phase systems.
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NOMENCLATURE
Latin Letters
A dimensioaless film area (in Chapter 4), (rIR]):;
or dimensionless parameter defined in Equation (6.12)
A columr: cross-section area, m”
A nar maxymum dimensioniess film area
a specific mterfacial area, i/m
B dimensionless parameter defined in Equation (6.12)
BC burth rate for bubbles by coalescence, 1/m°/s
BB birth rate for bubbles by breakage. 1/m?s
< dimensionless coefficient in Equauon (6.9)
¢ coefficient defined in Equation (3.21)
ol adjustable constant in coalescence probability model
€ C3 constants defined by Equations (3.15) and (3.17)
D column diameter, m
DC death rate for bubbles by coalescence. 1/m/s
DB death rate for bubbles by breakage. 1/m?/s
d, equivalent bubblz diameter based volume. m
3‘, dimensionless equivalent bubble diameter, m
d, diameter of noles on the gas distributor, m
d,. d, Jiameters of bubble / and /7, m
d.d diameters of bubble / and j. m
d Sauter mean bubble diameter. m
E energy spectrum function of turbulence. m-/s>
E, . available kinetic energy defined by Chesters (1993). J
E; internal kinetic energy, !

N

encrev of individual eddies, J
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178 NOMENCLATURE

g, increase in surface enercy due to a bubtle breakage, J

F. capillary force acting within film, N

F* F3, dimensioniess forces defined by Equation (4.32), Equation (4.39)

F, interaction force that phase j acts on phase [ per unit dispersion
volume. N/m’

F, drag force acting on partcles. N

F, interfacial drag force berween gas and liquid phases per unit disper-
sion volume, N/m’

F..F, external forces on fluid particies 1 and 2, N

fev breakage volume fracucn

g gravitaticnal acceleraon. m/s’

H dispersion height. m

H, dispersion height at steady state, m

H, dispersicn height at the end of pertod i. m

H, siatic liquid height, m

!q funcrons defined by Equations (6.16) and (6.17), ¢ = 0.1.2,

iLj referring bubbles, probe sensors, Gisengagement periods and flow
phases {(gas aod iiquid)

k wave number of eddies in wrbulence, 1/m

k, wave number of eddies of viscous dissipation. iy = (/v ), m”

k, wave number of eddies of energy-containing. 1/m

kp Reichardt's constant in Equation (6.8)

L central vertical chord length of bubble, m

L, vertical distance berween the bubble leacing surface i the centertine
and at the radial positon, x,, m

L, vertical length of bubble at radial posigon of x,, m

Ly vertical length of bubble at radial positonr of x,, m

Mo Morton number. git,*(p;-PIP 0

m shape factor for gas holdup distribution in Equatior (6.9}

m,, equivalent mass of two particles defined by Equation (4.103, kg

m,. m- effective mass of particles 1 and 2, defined by Equanon (4.9 kg

N, number of holes on the gas distnbutor

n number of bubble classes
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n. 71‘

N

1NNY p

>
~.

-

number densities (per unit dispersicn volume) of bubbles i and j,
1/m>

eddy number density {(per upit dispersion volume) for eddies be-
tween & and 2+dA, U/m?

pressure of conunuous phase. Pa

conditional breakage probability

coalescence efficiency

distribution censity function of turbulent kinetic energy. 1/3
dispersion flow rate. m'/s

gas flow rate, m¥/s

{ner) liquid flow rate. m/s

columgn radius. m

dimensionless radius, Rafv,

<quivaient racius defined by Chesters and idofmar (1922). m
radii of particles 1 and 2. R refers to the smalier one, m
maximum liquid Reynolds number, Du/v !

film radius (Chapter 4), m:

or radial position in ¢olumns, m

Surface force number, defined by Equaton (4.32)

stress force acung oz phase i per unit dispersion volume, N/m?
increase of particls surface due to deformation, m?

slope of fined straight lioe i. m/s

stress tensor acting cn phase { per unit volume of 1. N/m*
pulse durancen time for probe sensor ; caused by bubble. s
mcdified pulse duration time (Burgess and Calderbank. 1975). s
tme, §

coaiescence ime. s

ume delay after disengagemsat period 1, 1. s

interzcrion tme, s

delay time for prebe sensor ¢ in 2, s:

or ume at end of disengagement period !, s

disengagement time for period i. L-17..s

duraton time when the film arez reachss the maximum, s

total time ir 2 measurement. =

' j:'llf"if?'@i B




180 NOMENCLATURE
a vector velocity of dispersion. m/s
i friction veleaity, ( ty /p,)'~ mUs
“p bubble rise veiocity, m/s
Uy , absolute velocity of bubble moton. m/s
uy . bubble velocity in the verucal direction. m/s
u., velocity of center of mass of a two-particle-system, m/s
u*_ dimensionless velocity of center of mass of 2 two-particle-system
U velocity of center of mass of a two-particle-system at = 0. m's
ug superficial gas velocity, m/s
i, gas phase velocity. mys
Uy, gas velocity in the holes, m/s
u; nse velocity of bubble class i. m/s;
or velociry vector of flow phase /. m/s
a, i velocites of bubbles i and j in turbulence, m/s:
or apparent rise velocities in periods i and ;. m/s
1 Wy approach velocity berween bubbles i and j tn turbulence. m/s
Ly liquid superficial velocity, m/s
u; liquid phase velocity, m/s
by dimensionless Liquid velocity, ufu
Ly liquid velocity at central axis, m/s
K, approach velocity berween the centers of mass of two particles. m/s
u* dimensionless approach velocity. u,(ptlec)m
g approach velocity between the centers of mass of rwo particles at
r=90, mfis
ug slip velocity, m/s
u, bubble terminal velocity, m/s
i, dimensionless terminal velocity
u,. u- velocities of particles 1 and 2 relauive to liquid, m/s
W-p. Uag velocities of particles 1 and 2 reladve to liquid at 7 = 0, m/s
ey eddy velocity, m/s
Ye, disengaged volume of bubble class 1. 3
ViV, volumes of daughter bubbles / and /7
Vi ¥, volumes of bubbles i and j. m’
Y 1:-7 velocities for particles 1 and 2. defined in Equation (4.2). m/s
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We
We,

.

L

Weber number of particles, defined by Equation (4.14)

Weber number defined in Equation (3.26)

Weber number defined in Equation (3.10)

body force acting ou phase / per unit dispersion volume, N/m®
spattal veclor. m

horizonal distance between probe sensors 0 and 4 in the design of
Burgess and Calderbank (1975), m

horizonal distance benween prode sensors 9 and i, m

veruical distance between probz sensors 0 2nd i. m

modified vertical distance between probe sensors 0 and 7, m

axial postticn along the column from the gas distributor. m:

or distance beiween the mass centers or the geometrical centers of
parucies (Chapter 4), m

Greek Lettors

x

universal constan! in turbulence. usually @ = 1.5 (Tennekes and
Luemiey, 1972}

or dimensionless parameter defined by Equation (6.11)

constant defined in Equation (3.3};

or ihe parameter determining excess pressure in film (Chapter 2):
or dimensionless parameter defined by Equation (6.11)

aniversal constant in turbulence, B = (3/5)I'(1/3)a (Satcheler. 1953)
gamma {uencuon

virrval mass coefficient

effective coefficient of virtual mass {Chesters and Hofman, 1982)
film thickness, m

Of uni? tensor

energy dissipation rate per upit mass. mY/s’

local gas holdup:

or averaged gas holdup over the cross-secucn (Chapter 3)
average gas hcldup over the cross-section

void fraction of bubble class 1

total void fraction in disengagement zone at the top in period ¢
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NOMENCLATURE

gas holdup at the column axis
local liquid holdup, &; = 1-g;5
energyv dissipation rate per unit volume, kg_/m./s3

breakage kernel or daughter bubble size distribution, 1/m*
angle between the probe axis and the bubble wrajectory, °:

or phase angle at contact of drops, °

dirnensioniess energy in energy distribution function
dimensionless criical breakage energy

coefficient defined by Equation (4.13):

or eddy size. A = 21/k. m

eddy size of viscous dissipanon, m

eddy size of energy-containing. m

coefficients defined by Equations (4.29)-(4.31) and (4.38}
viscosity of condnuous phase, Pas

liquid viscosity, Pa=s

liquid kinsmatgc viscosity. m*/s

liquid eddy kinematgc viscosity. m/s

size rato berween an eddy and a bubble, & = Md;

or size rado R,/R, in Chapter 4

axialiy non-uniform distributicn coeificient for bubbie class 1
size ratic berween bubbles i and j. §;; = d/fq;
density of contnuous phas::. kg/m®

density of dispersed phase, kg/m’

gas density. l-:g/'m3

density of phase 1. kg/m’

liquid densiry. ke/m’

surface tension. N/m

dimeusionless rime defined in Eguation (4.17)
or local shear stress. N/m™

shear stress vector of phase !, N/m”
maximum dimeasionless ume

shear stress at the wall, lvcg..’m..‘s2

horizonial angle, defined in Figure 2.5, °
angle of prcbe sensor i, defined in Figure 2.4,

dimensionless radial positon in columns, r/'R
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Qa(".'iVj) breakup rate for bubbles of size v; that may form bubbies of size v

1/m%/s
Qp(v) breakup rate for bubbles of size Ve l/m%/s
Qcv;:v)  coalescence rate berween bubbles of sizes v; and v, 1/m?/s
W, collision frequency between bubbles, 1/m-/s
w5 borabarding frequency on a bubble surface by eddies of size be-

tween A and A+dA, 1/m?/s

Superscripts

m modified

inler near or at the distributor

i.j referring bubbles. probe sensors, disengagement periods znd flow
phases (gas and liquid)

* non-dimensionlizaticn

-~ non-dimensionlization




