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Abstract

This paper is concerned with semi-batch foams generated by injecting gas bubbles in a vertical column containing a liquid phase at rest. Its
aim is to better understand the physical mechanisms responsible for foam formation at the liquid free surface and to predict the superficial
gas velocity for onset of foaming. The model for predicting the onset of foaming is derived from the one-dimensional drift-flux model for
gravity driven flow in the absence of wall shear. The analysis is based on experimental data reported in the literature and covers a wide range
of physico-chemical properties, bubble sizes and shapes, and flow regimes. It identifies the inhibition of coalescence between rising bubbles
and bubbles at rest at the free surface as a key mechanism responsible for the onset of foaming. A semi-empirical correlation for high viscosity
fluids has been developed and good agreement with experimental data is found.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction affect the product quality and the energy efficiency of the
procesd3].

Semi-batch foams or pneumatic foams are produced by In one-dimensional two-phase flow, the area-averaged su-
injecting a continuous stream of gas bubbles at the bottom of perficial velocities for the gas and liquid phases denoted as
a vertical column containing a foaming liquid at rest. Such j; andj,, respectively, can be expressed as a function of the
foams are encountered in a number of practical technolog-area-averaged velocities of the liquig and gas phase,
ical systems ranging from chemical and materials process-and of the area-averaged void fractiefj4]:
ing, to bioreactors and separation of solid or liquid solutes
from a solvent. Bubbles are either generated by chemical /s = %Ve
reactions taking place within the liquid or injected in the
liquid. Foam can be desirable such as in bioreactors where
it acts as a cushion preventing bursting bubbles from dam-
aging the cells at the liquid surface or in electric arc fur-
naces where it is often required to shield the refractories ; _ % and j; = & )
from the arc, to protect the liquid metal from the atmo- °¢ A / A
sphere[1], and to help to stabilize the arc in modern elec-
tric arc furnaced1]. In protein separation, proteins acting
as surfactants concentrate in the foam that is collected to
produce a solution with higher protein concentrati@h In
food processes or in glass melting furnaces, foam is unde-
sirable since it may disrupt the production and significantly

and Jjr= 1- )y (1)

The superficial velocities of the gas and the liquid phases
can also be expressed as a function of the volumetric flow
rates:

whereQ, andQy are the volumetric flow rates of the gas
and liquid phases, respectively, whilaés the cross-sectional
area of the container. Thus, the superficial velocjtiesdj

can be easily monitored experimentally. Finally, the velocity
of the center of volume of the mixtujecan be expressed as

J=Jg+ s 3)
* Corresponding author. Tel+1-310-206-5598; The so-called drift velogity is defined as the relgtive ve-
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and the associated drift-flux s are given, respectively, by
[4,5]:

Vg =vg—j and jg=aVy

(4)

The drift-flux ., for different two-phase flow regimes can
be written in the general form 44]:

(5)

whereK is a parameter depending on the average bubble
radius andv is the velocity of a single bubble of radius
rising in a quiescent liquid. The present study is concerned
with a gas—liquid flow with the liquid phase at rest. Thus,
the superficial liquid velocity vanishes, ije.= 0. Then, ac-
cording toEq. (3)the area-averaged superficial gas velocity
jo equalg. Then, fromEgs. (3) and (4}he drift-flux can be
expressed as:

Jof = Kveoat (1 — )"

Jof = 1 —a)jg (6)

Fig. 1 shows the drift-fluxj,; plotted versus the void
fractiona as given byEq. (5)(solid line) andeq. (6)(dashed
line). One can observe that for any positive superficial gas
velocity j,, Egs. (5) and (6are simultaneously satisfied for
two different values of the void fraction, i.e. there are two
functioning points as previously discussed by Wal#$.
The first functioning point falls into the bubbly flow regime
(low void fraction) and the second functioning point into the
foamy regime (large void fraction). The foam occupies the
upper part of the column and coexists with a bubbly region
at the lower part as observed experimentally.
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Fig. 1. Functioning points obtained Hyq. (5) (solid line) andEq. (6)
(dashed line) for superficial gas velocitigsof 0.01 m/s and 0.05 cm/s
with j» =0 m/s.

Experimental observations also indicate that pneumatic
foams do not form for any arbitrarily small gas flow rate.
Laimbock][6] has observed that a minimum superficial gas
velocity should be reached to initiate foaming of molten
glass. The same observations have been made for differ-
ent aqueous solutiong—-12], as well as for molten steel
[1,13-18] Fig. 2 shows a typical plot of the steady-state
foam thicknessH., as a function of the superficial gas
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velocity j, and demonstrate the existence of a minimum su- upon collision takes place when the collision duration time
perficial gas velocity for onset of foaminjg. However, the t. is larger than the time to drain the film between bubbles
drift-flux model predicts that the two functioning points al- t;. In the limiting cases, the thinning of the film separat-
ways exist. Hence, a foam layer should form for any arbitrary ing two colliding bubbles is dominated by either viscous
small superficial gas velocity. This conclusion is obviously or inertial forces. Finally, the probability of coalesceriee

in contradiction with experimental observations discussed should tend to unity when the ratigit; is small and to zero
previously. Wallis attributed this to the instability of the foam when the ratiot,/t. is large. An expression for the prob-
leading to ‘rapid bubble bursting and agglomerati4i. ability of coalescence as a function of the collision dura-
The coexistence of a slug flow and a foam layer at the top tion time t. and the drainage timg; has been suggested
of the bubble column has not been observed experimentally[20]:

due to both reduced number of small bubbles and the agita-
tion caused by slug bubbles bursting at the free surface and

breaking the foam layer. The Weber number is commonly used in the studies of

Whether foam is desirable or not, it is of fundamental pypple coalescend#1,19,21jand represents the ratio of the
and practical interest to understand the foaming process andnertial forces to the surface tension forgas):

to predict the conditions under which foam starts form- 5
ing in order to operate a process under the most favorabIeV\E: prVer (8)
conditions. The minimum superficial gas velocity for onset o

of foamingj,, should be determined as a function of the \herey is the relative velocity of centers of colliding bub-
physico-chemical properties of the two phases and the 0p-p|aq |n pure water, Duineve[d9] observed three different
erating conditions. However, to the best of our knowledge, bubble interaction behaviors: (1) when the Weber number
no self-contained model able to predict the minimum su- p.<ad on the relative approaching velocity and dended
perficial gas velocity for onset of foamirjg has been re- g |ass than 0.18, bubbles coalesce; (2)\idx, larger than
ported in the literature. The only attempt has been to deter-o_l& and for Weber numb#xe., based on the terminal ve-
mine the transition from the homogeneous bubbling regime locity of a single bubbles, less than 3.3, bubbles bounce
tp the foaming regime on a flow map plotting the YOid frac- 4t the first contact but eventually coalesce; (3)\idy, and

tion versus the Froude numbg2]. The map predicts ‘an e jarger than 0.18 and 3.3, respectively, bubbles bounce
estimate’ of the minimum superficial gas velocity for onset 4; 6 first collision and separate. Finally, experimental ob-
of foaming as a function of the void fraction in the bubbly g\ ations in low viscosity liquids show that bubble coales-
flow and of the container diameter. Moreover, the drift-flux ;¢ i inhibited when surfactants or electrolytes are added

modell qlone fails to. explain the eX|stenqe of a minimal to the pure solution and is even terminated above a certain
superficial gas velocity for onset of foaming as observed g, tctant concentratigi9,21,22]

experimentally.
The objective of the present work is to provide physical
explanations of the experimental facts and develop a quan-

titatiyg self—contair_led model WhiCh gives the minimum _su- times before stabilizing at the free interface to finally burst
perficial gas velocity as a function of the physico-chemical (for large approaching velocities). Kirkpatrick and Lockett

properties of the two phases and the operating conditions by[21] found that for Weber numbers larger than 0.5 (based

using the drift-flux model and paying particular attention 0 o the hypble velocity) bubbles bounce one or several times
bubble coalescence. before coalescing with the interface. They also showed that
bubble coalescence is identical in doubly distilled water
and in tap water. However, the presence of electrolyte in-
hibited coalescence of the bubble with the free interface
[21].
Chesterg[20] proposed an expression for the collision

L . . duration timet, and for the drainage timg; in both the

In gas-liquid flow, bubbles of different sizes and veloc- \iscqus and the inertial dominated limiting cases assuming

ities. may collide r'egulting in the thinning of the film sep-. that bubbles have the same radius and both gas viscosity and
arating them. Collisions between two bubbles may lead ei- 5y der waals forces can be ignored. In each limiting case,

ther tq the coalescenc_e due to the rupture of the film or to 1o (atio of the collision duration time. and to drainage
bouncing and separation of the bubb[@8]. The coales- timet, can be written ag0]:

cence rate of bubbles depends on the frequency of colli-
sion and on the probability that bubbles coalesce upon colli- 5\ 1/2
. _ o prVer
sion. The frequency of collisions depends on the liquid flow ¢;/f. = ( )
and on the hydrodynamic interactions between the bubbles 3%
and the liquid phas@0]. On the other hand, coalescence for inertia controlled drainag€Re,, < 24), and

P = exp(—t4/1c) (7

Similarly, a single bubble reaching a free interface can
either merge with the interface almost instantaneously (for
small approaching velocities) or bounce back one or several

2. Analysis

2.1. Physical phenomena

(9)



152 L. Pilon, R. Viskanta/Chemical Engineering and Processing 43 (2004) 149-160

set of foaming are reached by increasing the superficial gas
velocity beyond,,, i.e. by reducing the void fraction above
the liquid surface below,,.

3u

20051

for viscosity controlled drainagéRe,, > 24)

ta/te = (10)

whereo is the surface tension of the gas-liquid system and 2.2, Modeling

uy and py are the dynamic viscosity and the density of

the liquid phase, respectively. The Reynolds number of a  The drift-flux j,; has been identified as a key variable in
single bubble of radius rising in an infinite liquid with the  dealing with sedimentation, fluidization, and extraction ex-

terminal velocityv,, can be expressed §&3]: perimentg23] and is expressed, in general, in terms of the
2rp Voo terminal velocityv, of a single bubble of radiusrising in
Res = 1wy (11) an infinite volume of liquid, of the area-averaged void frac-

tion « of the two-phase mixture, and of the physico-chemical
Finally V is the relative velocity of centers of colliding bub-  properties of the two phas¢s).
bles and the average bubble radius. In the present work,  As previously discussed, the present study is concerned
is assumed to be the average bubble radius at the liquid freewith a gas-liquid flow for which the superficial liquid veloc-
surface, thus accounting for eventual bubble growth due to ity vanishes, i.ej s = 0. Moreover, the wall shear stresses
pressure change and coalescence taking place between thgre small and can safely be neglected as suggested by Wallis
injection system and the liquid surface. Théhis taken as  [4] and by Guitian and Josefjp4]. Therefore, the flow can
the terminal velocityv of a single bubble of average size be described as a vertical gravity dominated flow with no
rising in an infinite medium as suggested by Duiney&gj. wall shear. Thus, the velocity and void fraction profiles at
It can be interpreted as the relative velocity between the cen-any given cross-section perpendicular to the two-phase flow
ter of a rising bubble and that of a bubble at rest at the lig- are assumed to be uniforf].
uid free surface. The transition between the inertia and the  Expressions of the drift-flug,, for different two-phase
viscosity controlled drainage regimes was assumed to occurflow regimes along with the transition criteria as a func-
when the corresponding characteristic time ratios given by tion of the physico-chemical properties of the system
Egs. (9) and (10are equal, i.e. wheRey, = 24. The ratio  can be found in the literature. The analysis by Ishii and
of the collision duration time, to the drainage timg; can co-workers[23,25] is based on the dimensionless bubble
be seen as the scaling of the inertial or the viscous forces toradiusr* and on the viscosity numbeM,, which represents
the surface tension forces. Note that for inertia dominated the scaling of the viscous forces by the surface tension
drainage, the ratio of the characteristic tilhg'%. is propor- forces:
tional to the square root of the dimensionless Weber number
given byEq. (8) It is also interesting to note that in the vis- or(or — pg)g 3
cosity dominated regime, the ratigt. does not dependon ™ =7"|—"—>— — and
the bubble velocity.

Finally, Fig. lindicates that the void fraction for the func- 1y [(pf _ pg)g0:|l/4

Wy
tioning point in the foamy regime decreases as the superficial Ny = — (12)
gas velocity increases. This suggests that as the superficial

gas velocity increases, the bubbles at the top of the liquid 1, ae gifferent regimes of gas—liquid systems are consid-
column are less packed and their frequency of collision is 54 in the present study: (e viscous regime in which
reduced. Moreover, as the superficial gas velocity increasesy, s are spherical and a complete similarity exists be-
the average bubble velocity increases while the probability tween the expressions of the drag coefficient for a single
of coalescence upon collision decreases in the case Ofinertiaparticle system and for a multiparticle system, {3 dis-
dominqtgd drainage. For v?sc.osity controlled drainage,'thetorted particle regime in which the bubbles are distorted
probability of coalescence is independent of the superficial 54 the drag on an individual bubble is strongly affected

gas velocity. In summary, increasing the superficial gas ve- by the wake generated by the other bubbles, andth@)
locity, reduces one or both components of the coalescenceqy, rn-turbulent regime in which the distorted bubbles in-

rate: (1) the frequency of collision and (2) the probability f,6nce not only the other bubbles but also the surrounding
of coalescence for inertia dominated drainage. For a given"quid_ Expressions for the drift-flug, and for the termi-
combination of superficial gas velocity and void fraction, the -, velocity v, are available for each one of these regimes
coalescence rate is reduced enough to allow foam formation.r» 4y

Therefore, there exists a minimum superficial gas velocity The viscous regime, can be divided in two sub-regimes
and a corresponding maximum void fractieg for onset of namely, the Stokes’ flow regime and the wake regime. In

foaming beyond which the foam is unstable and disappearsthe Stokes’ flow sub-regimeéRé-,<1) the drift-flux can be
instantaneously from the liquid interface. For void fraction expressed af3]:

smaller thany,,, bubbles are stable and do not coalesce en-
abling the formation of a foam layer. The conditions for on- jg = veoo(1 — a)d (13)

o
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with and

2 (pf - pg)grz (pfr — po) 14
_ s PdY go
Voo = . (14) Voo = /2 [ng] (20)
In the wake sub-regime, i.e. for larger Reynolds numbers

(Rew, > 1), the drift-flux is given by[23]; In the churn-turbulent regime, the drift-flux and the ter-

minal velocity of a single bubble are given, respectively, by

1 k .

Jgi = voot(1 — e’ [1 n w(;)v(fir—)a)gn} as)
Jof = vooat(1— )% (21)
wherey(r*) is a function of the dimensionless radifsand 14
. i i _ ;
is defined as: vo = /2 [(pf ng)g } 22)
¥(r*) = 0.55[(1 + 0.08*3)%7 — 11075 (16) Py
The terminal velocity of a single bubble rising in an infi- According to Ishii and Zub€f23], the transition from the

nite mediumu, is obtained from the force balance equating distorted bubble regime to the churn-turbulent flow regime
the buoyancy force to the drag force. The correlation for the occurs for void fraction of 0.3. However, they recognize that

drag coefficient as a function of the Reynolds numiRey, in case of batch processes, such as these presently under
proposed by Ishii and Zub¢23] is used and the following  consideration, ‘detailed coalescence mechanisms and sur-
non-linear equation is solved fok: face contaminations become important in determining the
8(ps — pe)OF 24 075 transition criter[on’, aljd the Qistor.ted .bubble regime can re-
3,02 =R (1+ 0.1Re,>) a7) main even at high void fractions like in foams.
Pf Voo Eoo A general expression of the drift-flux for all the above

Note that the Stokes’ flow sub-regime is asymptotic to the described two-phase flow regimes can be derived from
wake regime in the limiting case when the Reynolds number Egs. (13)-(22)
Reoo is much smaller thaq unity. The transitign bfatween the digf = Voo flr)a(L — )" (23)
viscous regime and the distorted bubble regime is expresse
in terms of the viscosity number at the transition denoted wheref(r*) is a function of the dimensionless raditsand

N.|; and given by: of the flow regime.Table 1summarizes the expression for
14 ¥ the terminal velocityv,, of a single bubble, the function
Nyl = 0.11[W} (18) f(r*), and the parameten for gas—liquid mixtures in the
r*

three different flow regimes considered.

For N, <N,|, the bubbles are spherical and the flow is  As discussed by Wallig] and Ishii and Zubef23], there
in the viscous regime whereas f§J, >N, |; the bubbles are exists a maximum value of the void fraction up to which
distorted and the flow is in the distorted bubble regime. ~ €xpressions for the drift-fluk,s and henceEgs. (13)—(22)

In the distorted bubble regime the drift-flux and the termi- are valid. This maximum value depends on the shape of

nal velocity of a single bubble are expressed, respectively, the particles and the nature of their interactigdg For
as[23]: gas-liquid systems, the flexibility of the bubble/liquid inter-

face leads to negligible particle—particle interaction forces

Jgf = vooer(1 — PE [ 1867 9/7] and the above expressions for the drift-flux and for the su-
1+1767(1-a) perficial gas velocity for onset of foamirjg in the differ-
~ Uaot(1 — a)t7® (19) ent flow regimes are still valid for values of the void frac-

Table 1
Parameters for the prediction of the superficial gas velocity for onset of foaming as giveq. l§{24)
Regime Terminal velocityi) f(r) Parametern() Transition criteria

_ 2
Viscous SM 1 3 N, <N,|; andRey, < 1

Hrf

8Ap 24 075 1+ ¥(r*)
=—1 .1Re; _— N, <N, R 1
30503, Re,, T OIRET) 1+ o0 —a)¥7 8 ho <Ny lr and Reeo >
1/4
Distorted bubble V2 [W} 1 1.75 N, >N,
Oy

1/4
Churn-turbulent V2 [W] 1 1/4 r <[ol(pr—pg)d]3
Py
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@) Jg<im () Jg=Jn ©) Jg>Jm

Fig. 3. Schematic of the behavior of a foaming solution as the superficial gas velocity is increased (a) bubbly flow without foam, (b) onset of foaming,
(c) developed foam layer.

tion o very close to unity, including foams or dense packing ity for onset of foaming,, was determined experimentally
regimes[4,23,25] Moreover, the drift-flux model has been by extrapolating the data for the steady-state foam thickness
validated for gas—liquid bubbly flow featuring void fraction H,, as a function of the superficial gas velocjtyand by
close to unity such as foanj4,11,23-26] Therefore, the ~ assuming a linear relationship [i.elococ(jg—jm)] as sug-
drift-flux model can be used with confidence for predict- gested by Pilon et a[3]. Fig. 2 shows a typical example
ing the onset of foaming since ideally, the onset of foaming of such an extrapolation used to determjpe The bubble
corresponds to the situation when bubbly or churn-turbulent shape and velocity,, as well as the associated value of the
flow regimes with low void fraction prevail and coexist with parameten were determined based on information summa-
only a single layer of packed bubbles accumulating at the rized in Table 1 Note that the shape of the bubbles derived
free surface as shown Fig. 3. Herew,, corresponds to the  from Ishii’'s criteria agree with different models based on
maximum void fraction for onset of foaming. Then, com- other dimensionless numbers than the viscosity number (see
bining Egs. (6) and (23at the onset of foaming, i.e. when [27], p. 27). Even though no transition criteria between the
a = oy, leads to the following expression for the superficial distorted bubble and the churn-turbulent regimes has been
gas velocity for onset of foaminjg,: given, experimental data reported by Pino et[al] were
. * n—1 assumed to feature a churn-turbulent regime as described by
Jm = Voo fr7)am (1 — o) (24) the authors. The radii of the bubbles for data reported by
wheref(r*), r* are summarized iffable 1 these researchers were found based on the following corre-

Based on physical arguments, coalescence of rising bub-lation relating the bubble radius to the gas flow rate [dée
bles with bubbles at rest at the liquid free surface has beenEq. (9.5), p. 245]:
identified as the main physical phenomena controlling foam 15
formation. On the other hand, an expression for the minimum ( Q§)

10! ; . r=0648{ —% (25)
superficial gas velocity for onset of foaming has been g
derived from the drift-flux model as a function of the maxi-
mum void fraction for onset of foaming,,, operating con- In molten steel slags, the bubbles were assumed to reach
ditions, and physico-chemical properties of the two phases. their terminal velocity before reaching the free interface, i.e.
To confirm this analysis, the model predictions should be in less than 50 mm. This should be considered as a first or-
compared against experimental data. der approximation that can be justified by the small values
of the bubble sizes and terminal velocities. Finaly,. (24)
indicates that the knowledge of eithigr or «;,, leads to the

3. Results and discussions determination of the other. Finding,, from j,, appears to
be more reliable in the present analysis since a small un-
3.1. Experimental data certainty ina,, can lead to a significant error in the value

of j,,, particularly in the foamy regime. In contrast, uncer-
The experimental data collected by Pilon et[8]. were tainty in the experimentally determined valuejgfleads to
used in the present study. Additional data were obtained a small variation inx,,. Consequently, the maximum void
from the literaturdg11]. The minimum superficial gas veloc- fraction for onset of foamingy,, was obtained from the
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Fig. 4. Liquid hold-up for onset of foaming & «,,) as a function of the characteristic time ratjgt..

experimental data gf, based orEq. (24) Table 2summa- Fig. 5 shows the variation of the minimum liquid hold-up
rizes the physico-chemical properties and flow regimes for as a function of the probability of coalescence of a rising
data collected from the literature. As one can see, experi- bubble with a bubble at rest at the free surface as given by
mental data cover a wide range of fluids, physico-chemical Egs. (7), (9) and (10)in both figures, one can see a sharp
properties, bubble sizes and shapes, flow regimes, and hy{ransition in the liquid hold-up for onset of foaming corre-

drodynamic conditions. sponding to a characteristic time ratio of 0.42 and a prob-
ability of coalescence of 66%. For the inertia dominated
3.2. Regimes for onset of foaming drainage, the transition expressed in terms of Weber number

based on the terminal velocity occurs ., = 5.6. This

Fig. 4 shows the plot of the minimum liquid hold-up for ~ value should be compared withe,, = 3.3 found by Duin-
onset of foaming £[1 —«,,]) as a function of the ratio  eveld for total inhibition of bubble coalescence in pure water
of the drainage time to the collision timg/t.. Similarly, [19], bearing in mind that inhibition of coalescence occurs
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Fig. 5. Liquid hold-up for onset of foaming @ «,,) as a function of the probability of coalescence between rising bubbles and bubbles at rest at the
liquid free surface.



Table 2

Summary of experimental data for minimum superficial velocity for onset of foaming reported in the literature

Solution Gas o (mN/m) wr (mPas) p (kg/n?) ro (mm) Two-phase flow t,/t. range References

40% Ca0-40% Si®-5% FeO-15% AIO3 Argon 463.0 398 2743 7.8-13.5 Distorted bubblex0.47 Zhang and Fruehdi6]
48% Ca0-32% Si®-10% FeO-10% AlO3 Argon 477.2 381 2733 12 Distorted bubble 0.42 Ozturk and Frug¢han
75 SiQ—15 NaQ-10 CaO (wt.%) glass Air 297.7-307.7 7450-12100 2346.6-2358.6 15-20 Viscous (Stokes) 6.9-12.4 Lsinbock
Water+ 78-95% glycerinate- SDBS N 69.5-72.3 46.5-520.8 1204-1251 0.7-1.1  Viscous (Stokes) 0.42-3.9 Ghag9%t al.

30% FeO-42% Si®-28% CaO Argon 477.9 1605 3055 12 Distorted bubble 0.43 Ito and Fryé&Ban
3% FeO (CaO/Si@= 1.25) Argon 477.2 381 2733 12 Distorted bubble  0.42 Jiang and Fryaban
0% FeO (CaO/Si@= 1.25) Argon 472.8 396 2693 12 Distorted bubble 0.42 Jiang and Fryaban
30% CaO-60% Si®-10%Cak Argon 338 533[31] 2534 13 Distorted bubble 0.47 Zhang and Frueftah32]
34.78% Ca0-33.76% Si922.52% Fe0-8.94% MgO  Argon 502 270 2958 17 Distorted bubble 0.51 Jung and Ff{li8han
37.39% Ca0-35.57% Si220.87% FeO-6.17% MgO  Argon 493 291 2936 17 Distorted bubble  0.51 Jung and Ffli8han
Water+ 10% glycerinate Marlophen 89 and 812 2N 32.0-41.1 1.22 1014 0.5-0.78 Viscous (wake) 0.08-0.12  Jeelani[&] al.
Water+ sucrose AR+ glycerol SLR+ aerosol OT N 26 20 1220 3.9 Distorted bubble  0.41 Hartland and BafB8&}
Water+ 10% glycerinate Marlophen 89 and 812 2,\NO, Xe, CO, 32.0-41.1 1.22 1014 0.5-0.78 Viscous (wake) 0.04-0.08 Hartland E]al.

Tap water, aqueous glycerine, kerosene, kerosene  Air 20.4-72.2 0.89-3.42 808-1104 3.4-5.7  Viscous (wake) 0.35-0.42  Pino[édhl.

+ surfactants
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over a range of Weber numbers and depends on the liquidbubbles are present at the liquid free surface at a given time

properties.

Moreover, it is interesting to note that the void fraction for
onset of foamingy,, obtained for large characteristic time
ratio ty/t. (i.e. for small probability of bubble coalescence)

and foam cannot form. If bubble coalescence is somehow
inhibited then bubbles can accumulate at the liquid free sur-
face and a foam layer starts forming.

For small characteristic time ratit,(t. < 0.42) and large

is about 0.85. This is consistent with the fact that the onset of probability of coalescenceP(>66%) bubbles tend to coa-

foaming corresponds to a physical situation between an in-

terface free of foam and a layer of foam with a void fraction

of 0.74 at the liquid/foam interface as schematically repre-

sented irFig. 3. In the former case, the void fraction above
the liquid/surrounding interface is unity while in the latter

lesce more leading to larger bubbles that are forced to change
from spherical to polyhedral shape in order to be stfg¢
Foams consisting of polyhedral bubbles can assume void
fraction for onset of foaming,,, close to unity. In the static
foam layer surfactants stabilize the liquid lamellae separat-

case it corresponds to the maximum packing of spheres ofing the bubbles thus reducing the probability of coalescence
same size. Experimental data indicate that, in the regime ofof bubbles and enabling the foam to be stable at large void
low probability of bubble coalescence, bubbles are sphericalfractions. In contrast, if bubble coalescence is strongly in-

and viscous forces dominate the thinning of the film sepa- hibited because of slow drainage and/or Plateau suction ef-

rating bubbles.

Since the parametar is empirically determined, a sen-
sitivity study has been performed with an estimate2D%
error in the value oh given in Table 1 The results show

similar trend as that previously discussed with a regime tran-
sition occurring at the same characteristic time ratio of 0.42.

For large characteristic time ratig/t., the average void
fraction for onset of foamingy,, varies between 0.78 and
0.92 while that for large characteristic time ratio is larger
than 0.99.

fects, bubbles keep their spherical shape and the maximum
void fraction should correspond to the maximum packing
of identical spheres (i.e. 0.74). The drift-flux model predicts
that foam should form for any arbitrarily small superficial
gas velocity and for small superficial gas velocities the foam
should have a void fraction close to unity (d€ig. 1). The
disagreement with experimental observations described ear-
lier can be explained as follows: (1) for large bubble coa-
lescence probability (i.e. smdijj/t.), the functioning point
predicted by the drift-flux model is unstable due to large un-

We speculate that coalescence of rising bubbles with astable bubbles present and quickly bursting at the free sur-
bubble at rest at the liquid free surface is a key phenomenonface and (2) for small bubble coalescence probability (i.e.
in the onset of foaming. If rising bubbles coalesce instan- large t;/t.) a functioning point in the foamy regime can-
taneously with the bubble(s) at rest at the free surface, thenot be reached by the system since bubbles remain spheri-
bubble resulting from single or multiple coalescences be- cal leading to a foam morphology that cannot assume void
comes too large to be stable and bursts. Only a few largefractions close to unity.

10.00 T

0O Ghag et al., 1998 X % o
@ Laimbock, 1998 Pid s
X Itoh & Fruehan, 1989 Pid xe
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& Zhang & Fruehan, 1995 d L
A Ozturk & Fruehan, 1995 e e
+Jung & Fruehan, 2000 ot
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Fig. 6. Comparison between experimental and predicted minimum superficial gas velocity for onset of foaming for viscosity dominated drainage, i.e.
small characteristic time ratity/t..
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Experimental observations for the inertia dominated enough, bubbles have time to reach their terminal velocity,
drainage showed that an increase in the viscosity of the and the onset of foaming should not depend significantly on
liquid phase increases the coalescence rate owing to a rethe initial liquid height. In contrast, if the initial liquid depth
duction in the bubble velocity and to the formation of larger is small, the velocity at which bubbles reach the interface
stable bubbles as reviewed by Pino et [@l1]. Finally, will depend on the initial liquid depth. However, determining
Bukur et al.[10] observed that no foam was generated the approach velocity of a bubble in shallow baths requires
when the liquid viscosity is too large. They attributed this the complex analysis of the bubble rise in which transient
phenomena to the fact that ‘coalescence increases with thdorces such as the Basset force and the added mass force
liquid viscosity’. Thus, a stable foam layer does not form must be accounted fdb,29]. Unfortunately, the complete
due to the absence of a large number of small bubbles thatformulation of the transient forces acting on a rising bubble
coalesced before reaching the interface. These speculationgs not available at the present tirfz9]. Moreover, the effect
are confirmed by the present analysis. Indeed, for inertia of the liquid height seems to be negligible for the experi-
dominated drainage, an increase in the viscosity reduces thanental data collected in the literature and used in the present
bubble velocity and thus the Weber number. Then, accordingwork. Thus, as a first order approximation, the approach-
to Egs. (7) and (9)the probability of coalescence of arising ing bubble velocity can be assumed to equal the terminal
bubble with a bubble at rest at the free surface is close tovelocity vs.

unity. The present study does not consider the effect of the con-
Fig. 6 compares the experimental data for the minimum tainer size on the onset of foaming since the model assumes
superficial gas velocity for onset of foaming with the uniform velocity and void fraction profiles at any given

model predictions given blq. (24) using a maximum void  cross-section perpendicular to the two-phase flow. Such an

fraction o, of 0.85 in the case of small probability of coa- assumption may not be valid for large containers where uni-

lescenceR < 66%) between a rising bubble and a bubble at form void fraction and velocity are more difficult to obtain

rest at the liquid free surface. Good agreement between ex-experimentally and where spreading of the foam over the

perimental data and the model predictions is found. When liquid bath may be significant.

the probability of coalescence is larger, the model predic- Finally, Guitian and Josepf24] showed that the injec-

tions forj,, appear to be very sensitive to the void fraction tion of the liquid phase at the bottom of the column (i.e.

o, for onset of foaming. co-current flow withj » >0) delays the foam formation to
The analysis developed in the present work does not uselarger superficial gas velocities and the condition for onset

explicitly the initial liquid height; however, we speculate that of foaming can be written as:

this height has an influence on the superficial gas velocity for

the onset of foaming,. Indeed, if the liquid depth is large  j, =a+bjf (26)
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Fig. 7. Comparison between experimental and predicted steady-state thickness for viscosity dominated drainage, i.e. small charactetistig/time ra
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wherea andb are constants independent of the superficial foaming. Expression for the probability of coalesce can be
velocitiesj, andj r. The present work focuses on the constant found in the literaturg20]. The analysis is based on ex-

a=j,, and considered quiescent liquid for whigh=0. perimental data collected from the literature which covers
a wide range of physico-chemical properties, bubble sizes
3.3. Seady-state foam thickness and shapes, and flow regimes and the following conclusions

can be drawn:
Pilon et al.[3] developed a semi-empirical correlation ) ) )
for predicting the steady-state foam thickness of viscous ® TWo different regimes for the onset of foaming have been
fluids (1>46 mPa s) based on the dimensional analysis of identified: (1) for low probability of coalescence, i.e.
the drainage equatids0]. They found that the steady-state  |arge characteristic time ratigy/t., bubble coalescence

thicknessH. is proportional toj(g,—jm)0~8 and expressed as is strongly inhibite_d, and_the foam formation occurs for
13]: relatively large void fractions of about 0.85, and (2) for
) 08 large probability of coalescence, i.e. small characteristic
Hy, = 2905-2_ [ r G = Jm)] 27) time ratio t,/t., bubbles tend to coalesce more leading
r2® (prg)t8 to their distortion and the onset of foaming for void

fractions close to unity.

A semi-empirical correlation for the superficial gas veloc-
ity for onset of foaming,, at low probability of coales-
cence between rising bubbles and bubbles at rest at the
free surface R < 0.66) is given byEq. (24) The associ-
ated maximum void fraction for onset of foamiig, is
equal to 0.85. Good agreement between the model pre-
dictions and experimental data is observed for both the
superficial gas velocity for onset of foamitg and the
steady-state foam thickness whigr» j,,,.

whereH, is the steady-state foam thicknesg,s the av-
erage bubble radius at the bottom of the foam layers °
the surface tension of the liquid—gas systéns, the super-
ficial gas velocity,p is the density of the liquid phase, and

g is the specific gravity. Howevey,, was determined from
experimental data such as those showRig 2 which lim-

its the prediction capability oEq. (27) Fig. 7 compares

the experimental data for the steady-state foam thickness
with the predictions ofq. (27)combined with the present
model for the superficial gas velocify, for experimental
data having characteristic time ratigit. > 0.42. The su-
perficial gas velocity for onset of foaming was determined
from Eq. (24)using a maximum void fraction for onset of Acknowledgements

foaminga,, equals 0.85. Given the complexity of the phys-

ical phenomena taking in liquid-gas foarfy. 7 indicates This work was supported by the US Department of
that the model gives reasonable and similar predictions for Energy/Glass Industry/Argonne National Laboratory/Univer-
the steady-state foam thickness as those obtained jyhen Sity collaborative research project.

was determined experimentally. Note that (1) the smaller the

probability of bubble coalescence, i.e. the larger the charac-

teristic time ratid,/t., the better the model’s predictions, and Appendix A. Nomenclature

(2) the largest deviations from the experimental data occur

for small gas influxes, i.e. for small steady-state foam thick- a,b constantsEg. (26)
nesses. The model's predictions for the steady-state foamA container cross-sectional area
thickness falls withint- 35% error bound for characteristic Cp drag coefficient
time ratioty/t. > 0.5. Therefore, the present work completes f(r*) functions of the dimensionless radilsy. (23)
the formulation of a self-contained model for the steady-state g specific gravity
thickness of pneumatic foams generated from viscous flu- Hy, steady-state foam thickness
ids over a wide range of physico-chemical properties and j superficial velocity
operating conditions (seEable 2. Jef drift-flux
K constanteq. (5)
n constant determined experimentalty. (5)
4. Concluding remarks Ny viscosity numbeEg. (11)
P Probability of coalescence
A model is presented for predicting the superficial gas Q volumetric flux
velocity for onset of foaming, and the analysis has pro- Re Reynolds numbeEq. (12)
vided a better understanding of the physical mechanismsr bubble radius
responsible for foam formation. The analysis is based on r* dimensionless bubble radilgg. (11)
the one-dimensional drift-flux model for gravity driven flow t,. bubble collision duration time
with no wall shear. Inhibition of coalescence between rising t, characteristic time for drainage
bubbles and bubbles at rest at the free interface has been velocity

identified as a key mechanism for explaining the onset of V relative velocity of centers of colliding bubbles
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Vi drift velocity

We Weber numbeEqg. (8)

Greek symbols

o void fraction

o surface tension

n dynamic viscosity

¥(r*) function of the dimensionless bubble radiuts
Eqg. (16)

0 density

Subscripts

g refers to the gas phase

f refers to the liquid phase

m refers to the minimum conditions for onset of
foaming

t refers to the transition between spherical and
distorted bubbles

00 refers to conditions of a single bubble rising in an
infinite medium
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