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This paper presents an approach for predicting the thickness
of isothermal foams produced by blowing gas in a liquid solu-
tion under steady-state conditions. The governing equation for
the transient foam thickness has been nondimensionalized, and
two-dimensionless numbers have been identified to describe the
formation and stability of this type of foam: I1; = Re/Fr and
T, = CaH,/rg. Physical interpretation of the dimensionless num-
bers has been proposed; a power-law type relation has been assumed
between I1; and TI, (i.e., [1; = KI1}). Experimental data avail-
able in the literature have been used to determine the empirical
parameters of the correlation K and n. The experimental condi-
tions cover a wide range of viscosity, density, surface tension, gas
superficial velocity, and average bubble radius. The model is valid
for foams formed from high-viscosity liquids bubbled with nitrogen,
air, helium, hydrogen, and argon injected through single, multiori-
fice nozzles or porous medium. A comparison between the correla-
tion developed and the experimental data yields reasonable agree-
ment (within 35% error), given the broadness of the bubble radius
distribution around the mean value and the uncertainty of the ex-
perimental data and of the thermophysical properties. Predictions
have been found to be very sensitive to the average bubble radius.
A more refined model is still needed which should be supported
by careful experimental studies. Finally, suggestions are given to
extend the present work to foams generated from low-viscosity
solutions.  © 2001 Academic Press

Key Words: foam thickness; steady foam; pneumatic foam; semi-
batch foam; glass foam; slag foaming; bath smelting.

INTRODUCTION

Pneumatic foams are produced by a continuous stream of gas
bubbles rising to the surface of a foaming liquid. Such foams
are encountered in a number of practical technological systems

(34); however, such a simulation is only partial since bubble
generated by chemical reactions tend to be smaller than bubb
generated by gas injection (34).

In bioreactors, bubbles are generated by an air sparger plac
beneath the agitator to aerate the culture medium (3). In tl
presence of surface-active agents, foam may be formed and
as a cushion, preventing bursting bubbles from damaging tl
cells at the liquid surface. In electric arc furnaces, foam is ofte
required to shield the refractories from the arc, to protect th
liquid metal from the atmosphere (29), and to help stabilize th
arcin modern electric arc furnaces (29). Controlling foam is als
important in other steel-making processes such as basic oxyc¢
smelting (BOS) and the making of iron by bath smelting (31)
In glass-melting furnaces, foam produced by chemical reactiol
taking place within the melt is often undesirable since it reduce
significantly heat transfer rates from the combustion space to t
melt (7, 20, 21), thereby increasing the operating temperatui
the NQ,-formation rate, and the energy consumption (21).

Understanding and modeling of the foam thickness is, ther
fore, of major importance from both fundamental and practic:
viewpoints. This paper is concerned with the analysis of stead
state foams, i.e., when the burst of the bubbles at the top of t
foam is compensated by the supply of bubbles atthe bottom. T
objective is to develop a model for predicting the steady-sta
foam thickness as a function of the thermophysical properties
the system, the bubble size, and the superficial gas velocity. T
effects of the temperature (uniform across the foam), the initi
liquid height, and the type of gas are investigated as well.

ANALYSIS

Current State of Knowledge

ranging from glass-, iron-, and steel-making processes to pro-The first model predicting the steady-state foam height as
tein separation and bioreactors. Bubbles are either generdtetttion of the superficial gas velocity? has been proposed
by chemical reactions taking place within the liquid or injecteldy Bikerman (2). He suggested that below a critical superfici
in the liquid through a single nozzle, a multinozzle inlet, or gas velocityjc, the steady-state foam thickneds, increases
porous medium (e.q., frit ceramic (17)). In experimental studidsearly with the gas flux,

chemical reactions are often simulated by injecting gas in the so-

lution to permit better control and measure of the gas flow rate

Hoo = QJ if J = erv [1]

1To whom correspondence should be addressed. Fax: (765)-494-053%.The superficial gas velocity is defined as the gas flow rateSits aivided
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where is a constant called the “unit of foaminess” or “foamfollowing expression (14),
ing index” and is considered to be a physical characteristic of

the liquid corresponding to the residence time of a bubble in the

foam. Beyond the critical mass fluy,, the entrainment of the Hoo = 2ro + 2rpby, [
liquid into the foam by rising bubbles cannot be balanced by

drainage and the foam thickness increases without limit. How-

ever, experimental data for viscous oils (14, 23) indicate thahererg is the average radius of bubbles in the foam bpds
the transition from a steady-state foam to a constantly growiagconstant depending on the gravitational drainage and on t
foam is not abrupt af = j but continuous, thereby indicatingsurvival time of a critically thin film separating the foam from
that the “unit of foaminess®2 in Eq. [1] is not constant but the atmosphere. (3) [f > j¢r, the excess of mass flux oves
increases as the mass fliincreases. Lin and Guthrie (22) ob-cannot be released at the top of the foam and has to be sto
served that, for low gas influx, a bubbly flow prevails, bubblesithin the foam. Thus, the foam volume grows continuously
are small and spherical or ellipsoidal, and the foam thickneasd a steady state is never reached until all available liquid
increases linearly with the superficial gas velocity; i.e., Eq. [Hispersed inthe foam (14). Beyond a certain mass flux, vent hol
is valid. However, for higher gas influx, bubbles coalesce amday start developing within the foam and the foam thicknes
a churn-turbulent flow regime is observed with spherical-cgtops growing and may even start decreasing (17, 32). Hrma (1
bubbles forming while rising to the surface, and the foam tendaggested that Eq. [1] proposed by Bikerman (2) is only vali
to be unstable, i.e., the foam thickness decreases with the frasevanescent foams for which the liquid lamellae separatin
flow rate. Moreover, Laimbock (21) has observed that foarthe bubbles in the foam rupture as soon as the critical thickne
ing of soda-lime silicate glass at different temperatures was rafthe foam is reached and for very small superficial gas veloci
possible for an arbitrarily small gas flow rate; instead, a mirike., | < j¢r). In that case, Egs. [1] and [2] are equivalent as
imum superficial gas velocityjm, should be reached to initi- long asb, = 1 andQ ~ 2rg/jm. Even if Hrma's model (14)
ate foaming. The same observations have been made for gifevides some insight into the mechanism of foam formatiol
ferent solutions of water and glycerol (9, 17). Application o&nd stability by explaining qualitatively reported experimenta
Eq. [1] to actual iron smelters was also questioned by Lin amlata, it cannot be used to predict the steady-state foam thickne
Guthrie (22); therefore, Eq. [1] does not appear to be a genedak to the lack of either analytical or semi-empirical expressior
and satisfactory relation for describing the foaming behavior @dr the critical mass flux and the paramebgras a function of
liquids. thermophysical properties of the system.

Jeelankiet al. (17) proposed a model for the steady-state foam A series of studies on slag foams in iron- and steel-makin
thickness accounting for the binary coalescences taking plawecesses has been carried out to predict the steady-state fc
within the foam. The steady-state foam thickness was expressl@dkness (15, 16, 18, 19, 34-36). Little discussion has bee
as afunction of the thermophysical properties of the liquid phasewever, reported about the stabilizing mechanisms occuring
the binary coalescence time, and the average foam porosity. Téems generated from molten salt at high temperature. It is b
binary coalescence time as well as the average foam poroéigyed that their large dynamic viscosity is a major factor in the
were determined experimentally from the measurements of floam formation and stabilization. All the experiments consiste
average bubble diameter along the foam height. Good agreenwriubbling argon in a cylindrical tank containing liquid CaO—
was found between the model’s predictions and the experimers&D,—FeO-MgO-A}O3 slags at high temperatures. First, Ito
data for aqueous foams stabilized with glycerinate and surfasid Fruehan (15) showed that the steady-state foam thickne
tants. Unfortunately, most of the other experimental studies fofr CaO-SiQ—-FeO slags is independent of the inside diame
steady-state foam thickness did not provide the variation of ttex of the container as long as it is larger than 3 cm. They als
average bubble diameter along the foam height and neither ffiegformed a dimensional analysis based on the Buckingham-
binary coalescence time nor the average foam porosity cantheorem to relate the unit of foamine@sthe liquid viscosityu,
determined, making itimpossible to validate the model for othére liquid densityp, and the surface tensien Two dimension-
solutions. less numbers were identified, and the foaming indevas found

More recently, Hrma (14) developed a model for a steady-statebe proportional to the ratiqu(/./op) (16). Jiang and Frue-
foam blanket. The foam behavior is described in terms of twan (18) confirmed the previous work, but suggested a differe
limiting gas fluxes: the threshold fluy, corresponding to the empirical constant of proportionality betweénand ./, /op.
minimum gas flux required to generate foam and the critical flikowever, although the average bubble radius has been identif;
jer corresponding to the breakdown of steady-state conditioss. an important parameter for the steady-state foam thickne
Then, three different regimes can be identified: (3) ¥ jm, the (22), it was not considered in Ito and Fruehan’s (15, 16) or i
gas fluxj reaching the liquid surface is not sufficient to create diang and Fruehan’s (18) work. This point has been recogniz
foam layer. Ifj = j,, the foam layer consists of a monolayer oby Zhang and Fruehan (34), and the dimensional analysis usi
bubbles whose thickness isg2whererg is the average radius Buckingham-Pi theorem has been performed again by addi
of the bubbles. (2) fim < ] < jer, the foam is steady and itsthe average bubble diametBy. Three dimensionless groups
thickness increases as the gas influx increases according tovikee identified, and a power type of law was assumed to rela

1im — jer 1} 2

1/j = Yjer
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them. Experimental data suggested the following semi-empiri¢hht “there was a poor correlation” between their experiment
expression for the unit of foamineSs(34): data and Eg. [3] proposed by Zhang and Fruehan (34). Expe
mental results indicate that the foaming index predicted by Ei
[3] should be more sensitive to changes in surface tension a
that the exponent associated with the average bubble diame
Do was a major cause of the discrepancies.

1.2

ut

Equation [3] merits further discussion: From these observations, Ghepal. (8, 10) examined three

e Comparison between the measured and the experimemtaldels for the unit of foaminess using the Buckingham-Pi the
foam indicesQ for slag foams was plotted on a logarithmicorem and assuming that Eq. [1] is valid. They performed th
scale (Fig. 17 in Ref. (34)), and after careful analysis, signiéame analysis as that by Zhang and Fruehan (34) but replac
icant discrepancies (up to a factor of 3 between predicted ahé equilibrium surface tension by (1) the surface tension depre
experimental units of foaminess) have been noted. sion, (2) the Marangoni dilational modulus, and (3) the effectiv

e Most of the studies (15, 16, 18, 19, 34-36) rely on thelasticity for solutions following Langmuir behavior. They con-
validity of Eq. [1] which seems to be appropriate for slag foanduded that the best of the three models was the one using |
but has been proven erroneous for other foaming solutions (&fgective elasticity provided that the solution follows Langmuir
21, 23, 30) (see previous comments about Eq. [1]). behavior. Due to the complexity of the models and the fact th:

¢ The semi-empirical Eqg. [3] is based on the experimentaffective elasticity is not available to fully validate the model for
data obtained for slag foams of similar solutions containing Ca® wide range of experimental conditions and solutions, it wil
FeO, SiQ, MgO, and A}Os, for which thermophysical prop- not be discussed further.
erties (in particular, the density and the surface tension) and th@ther authors (22, 37) modeled the steady-state foam thic
average bubble diameter do not vary significantly (see Table figss based on the mass and momentum conservation equat
Thus, the effects of density and surface tension on the steadyth applications to slag foaming in steel manufacturing. Th
state foam thickness were not fully investigated. Therefore, validation of those models against experimental data appears
general, one should not expect Eq. [3] to be valid for other syise limited and will not be discussed further.
tems having very different thermophysical properties or averageFinally, a detailed model has been proposed to predict tt
bubble diameters. thickness of pneumatic foams (1). Figure 1 shows a schema

* Ghagetal.(9) studied pneumatic foams formed by bubblingf a typical foam layer formed by injection of gas at the botton
nitrogen in different solutions containing water, glycerinate (7@ a vertical column containing a foaming liquid. For this ar-
to 95 vol%), and SDBS as the surfactant. The authors showatigement, Bhakta and Ruckenstein (1) proposed the followil

TABLE 1
Summary of Experimental Data for Steady-State Foam Thickness for High-Viscosity Fluids Reported in the Literature

Dimensions Gasflux o n 0 T ro
Solution i.d. &Ho Gas Nozzle type (mm/s) (mN/m) (mBx (kg/n?) °C) (mm) Ref.
40%Ca0-40%Sie-5% i.d.=9.2cm Argon Single & multiple Oto 463. 398 2743 1500 7.8to Zhangand
FeO-15%A403 Ho=45cm 50 135 Fruehan (34)
48%Ca0-32%Sie-10% i.d=41cm Argon Single Oto 477.2 381 2733 1600 12 Ozturk and
FeO-10%AO3 Ho=4.2cm 30. Fruehan (29)
75 Si—15 NaGQ-10 i.d=6.5cm Air Single Oto 297.7to 7450to 2346.6to 1425to 15to Laimbock (21)
CaO (wt.%) glass Ho=2.0cm 25 307.7 12100 2358.6 1500 20
Water+ 78% to 95% i.d=107cm N Pyrex disk 0.83to 69.5t0 46.5t0 1204to 20 0.7to0 Ghaagl.(9)
glycerinate+ SDBS Ho = 16.7 cm 15 72.3 520.8 1251 11
30% FeO-42% Si@-28%  i.d.=3.2/5cm Argon Single 0to 477.9 1605 3055 1300 12 Itoand
CaO Ho = N.A. 27.0 Fruehan (15)
3% FeO i.d=9.2cm Argon  Single Oto 477.2 381 2733 1500 12  Jiang and
(CalO/siQ = 1.25) Hop =45cm 30.3 Fruehan (18)
0% FeO i.d=9.2cm Argon  Single Oto 472.8 396 2693 1500 12 Jiang and
(Ca0/Si@ =1.25 Ho=4.5cm 40.4 Fruehan (18)
30%Ca0-60%Sig-10% id=4.1cm Argon  Single 0to 338 533[39] 2534 1400or 13  Zhangand
Cak Ho =4.5cm He, b 40. 1500 Fruehan (35, 36)
34.78%Ca0-33.76%Si©® i.d.=4.5cm Argon  Single Oto 502 270 2958 1600 17  Jungand
22.52%Fe0-8.94%MgO Hp =4 cm 67.3 Fruehan (19)
37.39%Ca0-35.57%Si0 i.d.=45cm Argon  Single Oto 493 291 2936 1600 17  Jungand

20.87%Fe0-6.17%Mg0O Hp =4 cm 67.4 Fruehan (19)
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0 under isothermal conditions, an expression for the volumic floy
rate through the Plateau bordgrg(z, t) is given by (26, 27)
3
qPB(th) = 1_5 Nrnpapua [7]
Z
wherer is the bubble radiusy is the number of bubbles per unit
volume,n;, is the number of Plateau borders per bubblgis
H the cross-sectional area of a Plateau borderpdathe velocity
of the fluid through the Plateau border due to gravity drainage..
simplified expression for those parameters has been develor
by Narsimhan and co-worker (25, 27) and can be reformulate
as follows,
_ 3
4gr3’
np = 10,
47r3/3 [(1—¢
ap - )
0.81an, \ ¢
FIG.1. Schematic of a foam layer generated by a bubbling and coordinate c.a d 1
. . v Ap
system with notations. u= p9+o—\|—5 [8]
20v/3u dz (xap/
expression for; andz,, the vertical coordinates of the top and ) ) ) )
bottom of the foam, respectively wherex is a dimensionless consté(25), and the velocity coef-

' ' ficientc, (dimensionless) accounts for the mobility of the walls
dzn  ¢(z1, t)gpa(ze, t) of a Plateau border channel and has been computed by Desai
dat W (4] Kumar (6). In most of their calculations, Ruckenstein and co
dz j ' worker usedt, = 1 (1). Combining Eq. [7] with Eq. [8] yields

2
—— = ——— —Upe(Z2, 1), [3]
dt  ¢(z.t 1—¢(z,1)]2 r2
(22.1) (2. 1) = 3.632x 103, | ¢(t’ ) {pg

where j is the superficial gas velocity(z, t) is the volume ¢(.1) H
fraction of gas (or porosity), amgbg(z, t) is the mass flow rate 1.39570r2 9 #(z, 1) 3
of liquid through the Plateau border atlocaticand timet. Since +— oz \Toez e [9]
the total foam thickness can be expressedias= (z, — z;), ’

one obtains Equation [9] can be solved numerically and simultaneously wit
M) el ot eSSt eatonionhe o porosty st e
dt — dt  gzt) o 1—p(z.t) : ' P y 2

is assumed to be constant and equal to 0.74. The steady-st
[6] foam thickness is then obtained from the limit of the transier
calculationsi{ — o00). However, this method for calculating the
The first term on the right-hand side represents the increasesgfady-state foam thickness may be time and resource const
the foam thickness due to the incoming gas while the last twgy and thus does not appear to be satisfactory for practical a
terms represent the decrease of the foam thickness due todfiations. Moreover, the solution has been proven to be high
liquid leaving the foam through the Plateau borders and the gahsitive to initial conditions (1) that are difficult to obtain either
leaving the foam due to bubble rupture at the top of the foa@perimentally, analytically, or numerically.
respectively. In the present work, an attempt is made to develop a genel
Assuming that (1) the foam bed consists of dodecahedrggrrelation capable of predicting the steady-state foam thickne
bubbles of the same size, (2) the Plateau borders are randomlya wide Variety of systems having W|de|y different thermo-
oriented, (3) the drainage through the Plateau borders due to fiRysical properties and average bubble diameters. Instead

thinning is negligible compared to that due to gravity (see Refgsing the Buckingham-Pi theorem, the governing equations [
(1, 25) for additional discussion), (4) coalescence of bubbles and

Ostwald ripening within the foam are absent, (5) surface tension
is constant, (6) the wall effects are negligible, and (7) the foam is? aay/* represents the radius of curvature of the Plateau border (25).
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and [9] for the foam thickness are properly scaled to obtain arhere the two dimensionless parametérs and 1, can be

expression for the steady-state foam thickness. identified:
. . . 2 Mo (i
Dimensional Analysis L P9 and m,= ool Jm). [13]
In this study, we assume isothermal conditions and that ther- #( = jm) ofo

g}gggﬁiﬁﬂg;ﬁgﬁrlJi“rﬁia?irgngo;;;aggs""j;?;?o;hse Jg:;ntgaﬁzz%lb{ecan be interpreted as the ratio of the gravitational force to tt
_ ) ) ous force on an average bubble of radiisaving a velocit
Egs. [6] and [9] are valid. Equations [6] and [9] are nond|me%~ g g y

onalized b ing the following ind dent di ol %— jm)- I corresponds to the ratio of the viscous force to th
sionalized by using the following independent GiMenSIONIEs e tension force times the ratio of the steady-state foe

variables, characteristic height to the bubble characteristic dimension,
r=2 =l j*= S t* = t [10] ogrd gravitational force Re
Hoo ro’ (i —im)’ T M= ——2— == == [14]
w(j — jmro viscous force Fr
where H., is the steady-state foam thicknesg,is the aver- w(j — jm)ro Heo
age bubble radiusg,, is the superficial gas velocity of onset of 2 = oTo x (W)

foaming, and is the characteristic time for the foam formation. )
Substituting Egs. [10] in Egs. [6] and [9] yields _ _viscous force o (P _caf P [15]
surface tension force ’

F o
Hoo dH*
7 dr whereRe Fr, andCa are the Reynolds, Froude, and Capillary
. 2 numbers, respectively, defined as
=17 Imi 3632x 1073, 2902 o o o
¢(z) 2 Re_ Pl —mro —ngm) cas M= im
[1—¢(z5, t%)] iz 0 o
— = = 4 1-9¢(7, t*
: [ sy A [16]
5069 10-3¢c. 20 [1-¢(z5, t)]? The relationship betweeH; andTl, is assumed to follow a
’ wHoo #(z, 1) power law, i.e.,
1
9 (", t*) 2 Hoo Re\"
_ 1—o¢(7,t* =) = —
| () LH o2, ca( ™) -k (29 )
2
9 (%, t¥) 2 whereK andn are constant parameters determined from e
X 97 (W) [11] perimental data. Then, an expression for the steady-state fo

thicknessH,, can be deduced. Note that the choice of a powe

S ) ) law to relate the dimensionless numbgrsandIl; is arbitrary,
Further simplification can be obtained by choosing the charagy it presents the advantage of capturing a wide variety of po
teristic timez = H.o/(j — jm); then, Eq. [11] becomes sible functional relationships betwe@h andIl,.

dH*

= —3.632x 10 3¢, IT4r *2 RESULTS AND DISCUSSION
dtx o(z3)
1 - ¢z, t*)]2 L . Results
x [ o(z5, t%) +l-ot )] Experimental data reported in the literature were collecte
s and used to validate the dimensional analysis and to obtain t
_ 5069 x 10—30‘_Cvr*: [1-¢(z,t")] parameterK andn in Eq. [17]. Table 1 summarizes the ex-
2 o(z5, t%) perimental conditions used in the studies concerned with tt

. steady-state thickness of foams formed by bubbling gas in

KB [( H(z*, t%) )z} L ezt container filled with high-viscosity foaming solutions. Most of

oz | \ (1 — ¢(z*, t))r=2 ) L the thermophysical properties of iron slags studied by Frueh:

%2 and co-workers (15, 16, 18, 19, 34-36) were computed fro

9 [( H(z*, t%) )§:| } available models proposed in the literature and summarized
"

“az [\@Toe@ o= [12] Ref. (24). Data summarized in Table 1 were used to determil
’ the parameterk andn. For the experimental data obtained by
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TABLE 2
Summary of Experimental Data for Steady-State Foam Thickness for Low-Viscosity Fluids Reported in the Literature

Dimensions Gas flux o n p T fo
Solution i.d. andHg Gas Nozzle type (mm/s) (mN/m)  (mPas) (kgjm (°C)  (mm) Ref.

water+ 10% glycerinate i.d=10cm N Frit glass 0.09to 32.0to 1.22 1014 20 0.5t0  Jeetdmil

Marlophen 89 and 812 Ho =45cm 0.31 41.1 0.78 a7)
water+ sucrose AR+ i.d.=6.15cm N Multiple 0.09to 26 20 1220 30 3.9 Hartland and

glycerol SLR+ aerosol OT Hp = N.A. 0.82 Barber (12)
water+ 10% glycerinatet i.d.=10cm N, NOy, Frit glass 0.09to 32.0to 1.22 1014 20 0.5to0  Hartlendl.

Marlophen 89 and 812 Ho =45cm Xe, CQ 0.3091 41.1 0.78 (13)

Zhang and Fruehan (36) for a 30% CaO-60%Sih%Cal and 0.9, respectively. Thus, considering the experimental u
slag bubbled with argon, hydrogen, and helium, the dimensiarertainties and that of the thermophysical properties, the choi
less number$l; andIT, were computed assuming that the typef ¢ = 0.8 to treat Fruehan and co-workers’ data seems to t
of gas has little effect on the surface tension of the binary syseceptable.

tem gas/slag as observed by Hartladl. (13) for 10% glyc- The superficial gas velocity for the onset of foamipgwas
erinate+ water + 120 mg/L of Marlophen 89 (see Table 2).determined assuming a linear relationship between the steac
The steady-state foam thickness from Fruehan and coworkstate foam thicknesbl,, and the gas flu§ such thatH,, =
(15, 16, 18, 19, 34-36) results has been computed to accoafjt — j,) as shown in Fig. 2.

for the fact that the true foam thicknebk, was not measured From Table 1 one can see that experimental studies have c
but instead the distandefrom the top of the foam to the ini- ered a wide range of density, viscosity, surface tension, ar
tial level of liquid at rest. The foam thicknest,, was deduced average bubble radius for more than 120 experimental da
from the experimental data fdr by using the expression (15)points. The dimensionless parametBr§=Re/Fr] and I[1;[=

h = H..¢ (obtained by writing the mass conservation equatioBa(H,./ro)] cover the range of 80 to 5030 and 0510~ to

for the liquid phase) and assumigg= 0.8. Note that the choice 0.76, respectively. Figure 3 shows the relationship between tl
of ¢ = 0.8 is based on experimental data for slag foams (22) adinensionless parametdrg andIl,. Equation [17] appears to
on the observation that the porosity “was between 0.7 and @ifSexperimental data over a wide range of thermophysical prof
and almost independent of the position in the foam” (15). Morerties withK = 2905 andn = —1.80 with a correlation coef-
over, parametric studies have shown that valueg between ficient R, = 0.95. In other words, the following relationship
0.7 and 0.9 have little influence on the results both qualitativeyetween the two dimensionless numbers has been determine
and quantitatively. Indeed, the values obtained for the parame-

1.80
ter K are 2932, 2905, and 2881, ard.79,—1.80, and—1.81 Ho _ 2905(Fr [18]
for the parametem, using the values of porositigs= 0.7, 0.8, o Ca \ Re
T T 0
40 o oLal- Gl ,— 17! eU- eALV, o 10 + )
— linear fit a
35H
g
D
= 4
= =
5 20F =102}
Q
= ]
o
§15- = T Ghag et al., 1998 |
& S % Laimbock, 1998
% o o & Fruehan, 1989
3 10+ 10%H Vv Jiang & Fruehan, 1991- 0% FeO
& A& Jiang & Fruehan, 1991- 3% FeO
+ Zhang & Fruehan, 1995 (1 orifice) [2]
x  Zhang & Fruehan, 1995 (multi-orifice) [2]
Sr *  Ozturk and Fruehan, 1995
. *  Zhang & Fruehan, 1995 [23]
In o 107 < _Jung and Frushan, 2000 )
% 10 20 30 40 50 60 70 10! 10° ° 10
Superficial Velocity (mm/s) I, =Re/Fr

FIG. 2. Steady-state foam thickness vs superficial argon velocity (19). FIG. 3. Correlation of dimensionless numbeis vs IT;.
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Equation [18] is general and should be preferred but to compa 10°

. i S . O Ghag etal., 1998
the present model with experimental findings, it is expressed *  Laimbock, 1998
. . i O lto & Fruehan, 1989

dimensional form: 2 [| v diang & Fruehan, 1991- 0% FeO 0

g A Jiang & Fruehan, 1891- 3% FeO
[ ( . )]0 80 - + Zhang & Fruehan, 1995 (S.0.) [2]
o — . 8 X Zhang & Fruehan, 1995 (M. O.) [2] o]
Heo = 290% % [19] E .|| * Ozturk and Fruehan, 1995 o
ry (p0)t 210°H *  Zhang & Fruehan, 1995 [23] 04 1

k2| <4 lung and Fruehan_2000 *
g N

The following is evident from Eq. [19]: & us: A
@
~ o % *

e The steady-state foam thicknebk, appears to be pro- ‘2 Ba ¢ x@q««’
portional to ( — jm)8, confirming the assumption made in§1 . 5,
L L .. . . o210 IN < E

determining the minimum superficial gas velocity for foamingz

.jm, i.g., HOC_) o (J — jm)- The.velocityjm ;hould be determined % _359, 4

iteratively in general, but this was not judged necessary due & {35%

the proximity of the exponent 0.80 to unity and due to the expe

imental uncertainty in both the thermophysical properties ar , ,

the experimental conditions; therefoiig,in Eqgs. [18] and [19] 10° 10 10° 10°

is obtained by assuming a linear relationship betwidgnand Experimental steady state foam thickness (mm)

(J—Im)- _ . _ . FIG. 4. Comparison between experimental data and predictions of th

¢ The steady-state foam thickness increases with an increasedy-state foam thickness. S.0O. stands for single-orifice and M.O. for mu
in the superficial gas velocity. tiple orifice nozzle.

¢ Asthe viscosity of the liquid phageincreases, the drainage
rate is reduced, the lamellae become thicker and more stable, and
thus the foam thickness increases. sity, £10% for surface tension, and ababP5% for viscosity

« In contrast, the gravity and/or an increase in the liquid def?4); therefore, models predicting those properties should n
sity p causes the foam to drain faster and to reduce its steali§-e€xpected to be more accurate. The biggest discrepancies
state thickness. countered between the experimental steady-state foam thic

« The effect of surface tension appears to be in contradictiffss and the predictions of the model correspond to studies
to experimental observations: it has been observed that an\ch thermophysical properties were not measured but es
crease in the surface tensiortends to reduce the steady-statéated from simple relations (15, 16, 18, 19, 34-36) and fc
foam thickness (11, 15). This can be interpreted based on ¥Meich the bubble radius was visually determined (18, 19). O
fact that a decrease in the surface tension reduces the inteiftg-other hand, studies for which thermophysical properties:
cial energy and, therefore, increases the foam stability and thé€ solutions were measured (9, 21) show better agreement. N
steady-state foam thickness. The contradiction is evident if v@s0 that the discrepancies appear to be higher for small stea
assume that the surface tension and the average bubble ragfate foam thicknesses, i.e., for superficial gas velocities close
are independent, but in reality they are not. Indeed, when cdm- Consequently, given the uncertainty of the thermophysic
sidering the effect of the surface tension on the foam thickndd$perties and of the experimental measurements (in particul
as suggested by Eq. [19], one should account for the effect of th@t for the average bubble radius) and given the wide ran
bubble radius as well and, therefore, the ratjo2 represents Of thermophysical properties and experimental conditions, tf
the effect of surface tension. If one assumes that the pressd@eement appears to be remarkably good.
in the bubble is constant and equal to the pressure of injection
in the bubbles, the Young—Laplace equation indicates that the Discussion

bubble radius is proportional to the surface tension. This haSSeveraI parameters have been identified in the literature

been confirmed by Ogavet al. (28) who observed experimen-,__". ; ) : o
tally that the bubble radius increases linearly with the surfa§§vmg an influence on the steady-state foam thickness: (i) t

. . . ermophysical properties of the solutions (density, viscosit
tension. Thus, Eq. [19] suggests that if the surface tension 8% surface tension), (ii) the bubble radius (9, 34), (il the ter
creases, the bubble radius decreases by the same order, an 8 .

erature (5, 29) orthe temperature gradient across the foam lay

. 2.60 . .
ra'tlo /T _ Increases. Hence, accordmg.to Eq. [18], the'foa Iv) the dimensions of the container (18), (v) the initial liquid
thickness increases, as the surface tension decreases in agreex . -

; : : eight or volume atrest (22, 29, 37), (vi) the type of gas injecte
ment with experimental observations.

(13, 36), (vii) the pressure and composition of the surrounc
Figure 4 compares the steady-state foam thickness obtaiireglatmosphere (21), and (viii) the solid particules that may b
experimentally and calculated from Eq. [19]. One can see thaesent in the solution (35). The effects of several of these p
most of the experimental data for highly viscous fluids are preameters are discussed in the next few subsections. The pres
dicted by the present model withih35% error. Note that, for study is concerned with two-phase systems, and the effect o
molten slags, experimental uncertainties are al@% for den- third phase, like solid particles, will not be considered.
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FIG.5. Influence of the bubble radius on the model predictions for glass foams (21).
Effect of the Bubble Radius injected through porous materials produces even smaller bu

. . . ... bles (see Table 1). It is evident from Eq. [19] that the averag
A detailed study on foaming (9) reports the size dIStrIbUtlorbsubble radius has a significant influence on the foam thickne

of bubbles reaching the foam/liquid interface using more tha le to an associated exponent of 2.60. Fiqure 5 compares the
200 samples. For a solution of water—85 wt% glycerol and sur- P 2,09, Figure P
factants causing a surface tension depredsiss mN/m, the perimental steady-state foam thickness obtained for glass foal

mean radius of 0.835 mm and a standard deviation of 0.105 rr@nl) with the. model predictions usmg. three different _raQ||: the
T . . eported radius and the reported radius with0% deviation.
were recorded; i.e., in terms of 95% confidence intervals, t

bubble radius is 0.835 mat 24%. Thus, the bubble size dis- he can see that the predictions vary significantly depending «

- ; ) the average bubble radius used and that, in this particular ca
tribution has rather wide tails around the mean value, and this . S .
t;ﬂ% experimental data lie within the prediction range. These ol

should be accounted for to accurately predict the steady-st erfvations provide further confidence in the model but also ce

foam thickness. However, in this work, only the average buﬁ— . .
. ; . or g more refined model that explicitly accounts for the bubbls
ble radius was considered and assumed to be independent. o

the superficial gas velocity, bearing in mind that it is a firsS12€ distribution rather than using the average bubble radius.
order approach and based on the conclusion of Narsimhan an
Ruckenstein (26) that “the symplifying assumption of equal sigaf%Ct of Temperature
bubbles can be employed for the prediction of the stability of the Cooper and Kitchener (5) found that foam stability increase
foam bed when the inlet bubble size distribution is narrow, egith decreasing temperature. They attributed this effect to
pecially at high superficial gas velocity, high viscosities, largefigher viscosity as the temperature decreases. Actually, the te
inlet mean bubbles sizes.” perature has an effect on all the thermophysical properties
Experimentally, different average bubble radii can be obtain@ge solution, but its effect on viscosity is by far more signifi-
via different injection systems, e.g., multiorifice nozzles praant than that on the density and the surface tension. Our stu
duce smaller bubbles than single-orifice nozzles (34), and ga®s experimental data taken over a wide range of tempel
tures for different fluids with thermophysical properties that be

4The surface tension depressian is defined as the difference between théqave dISthtIy In response to changes in the temperature (S

surface tension of the solution without surfactagind that with surfactants, 1able 1), and predictions appear to be satisfactory. Therefor
i.e.,Ac =0p— 0. the model developed in this study captures, in a satisfacto
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manner, the effect of the temperature on the steady-state fosition had a significant effect on the foam. They experimentall
thickness. In glass melting and other industrial furnaces, tbbserved that no glass foam was observed in a pure nitrogen
foam layer may be subject to a large temperature gradienbsphere and that glass foams are more stable in a pure oxy:
but its effect on the steady-state foam thickness remains todiemosphere, confirming visual observations (21). Kagpel.

explored. (20) also showed that increasing the partial pressure of walt
on top of the glass foam destabilizes it. Injection of differen

Effect of the Container Dimensions and the Initial gases on the top of the foam is a technique widely used in gla
Liquid Height manufacturing to destroy the foam layer formed on the surfac

As already mentioned, experimental data indicate that tREthe glass melt. The effect of the surrounding atmosphere h
container inside diameter has no influence on the steady-stagk been fully evaluated experimentally and should be furthe

foam thickness of iron slags if it is larger the 3 cm with a mea#SSessed.
radius of 12 mm (15). In more general terms, one can state that
the effects of the container diameter become negligible when trEect of the Gas Type Contained in the Bubbles
ratio of the container diameter to bubble diameter is sufficiently 1o thermophysical properties of the system affected by tf
large. However, experimental data do not permit the definitiqppe of gas bubbled in the solution are the surface tension, t
of general criteria for the limit of influence of the containef ;g diffusion coefficient, and the gas solubility in the liquic
size on the steady-state foam thickness. The experimental q§{@se. For viscous liquids, foam lamellae are thick due to sl
used in the present work corresponds to such conditions (gg§inage: therefore, Ostwald ripening and coalescence sho
Table 1 and it is assumed that the wall effect is negligible (i.-dot have a significant effect on the steady-state foam thickne:
>3 cm). Ozturk and Fruehan (29) found that the foaming indepis is confirmed by the present work: data for relatively hig|
increases slightly with the initial slag depth and concluded thﬁ%cosity fluids ¢« > 46 mPas) reported in Fig. 3 and summa:
the steady-state foam thickness “is almost independent of #igsq in Table 1 follow the same trend and are characterize
slag volume,” but recognized that more experiments are neezjﬁ;jthe same experimental parametérsand n, even though
to fully assess the effect of the initial liquid height. Howeveryptained for different gases (air, helium, hydrogen, argon, ar
additional systematic studies showed that the steady-state f%ﬂbgen). The effect of the type of gas on viscous fluids ha
thickness increases with the increase in the initial liquid heighten studied by Zhang and Fruehan (36) who showed that 1
(22, 37). On the other hand, Lin and Guthrie (22) observed thgkady-state thickness of slag foam was affected neither by 1
the initial liquid helght had no effect for large initial liquid depthgas pressure nor by the density of the gas inside the bubbles.
(=30 cm for water/air systems). stead, the unit of foaminess obtained for different gases vari
The correlation developed in the present work does not Uggaarly with the viscosity of the gas contained in the bubbles
explicitly the initial liquid height; however, we speculate thag i the authors did not propose any physical interpretation
this height has an influence on the steady-state foam thickngsis effect. They also observed that there was “no change in t
through the superficial gas velocity for the onset of foamjing  appearance as well as the size of the bubble cells in the foam
Indeed, if the liquid depth is large enough, bubbles have time {stter what type of gas was used.” Further, they reported a r
reach their terminal velocity and the onset of foaming should né?fively narrow bubble size distribution centered around a me:
depend significantly on the initial liquid height. In contrast, if thg5 ;e of 13 mmE 11.5%. These experimental observations in
initial liquid depth is small, the velocity at which bubbles reachjicate that no coalescence or Ostwald ripening was taking pla
the interface will depend on the initial liquid depth. Note thayithin the slag foam (viscous fluid). Considering the uncertain
in the present studyjm has been determined experimentallyjies for the thermophysical properties and for the experiment
i.e., if our speculation is correct, the effect of the initial _Imumhata, one can conclude that the type of gas contained in the b
height, if any, has been accounted for. Although experimenigbs has Jittle effect on the behavior of foams generated fro
work showed the existence of non-zero superficial gas veloc{scous liquids. Then, the model developed in the present wo
for the onset of foaming, (9, 21), to the best of our knowledge,giVes satisfactory results.
no model forjm has been proposed in the literature. For low-viscosity fluids, however, such as those used &
Hartland and co-workers (12, 13, 17), the foam lamellae be
come thin and coalescence and gas diffusion effects may pl
The present study used data for foams generated under am aignificant role. Table 2 summarizes the conditions of studit
atmospheric pressure. However, two parameters characterizingcerned with the steady-state thickness of low-viscosity fluid
the surrouding atmosphere can influence the steady-state fddantlandet al.(13) showed that, for low-viscosity solutions, the
thickness: (i) the total pressure and (ii) the atmosphere chemifdm height was reduced for gases of high solubility due to inte
composition. An increase in the total pressure imposed at thbble gas diffusion that tend to create bigger and less stable b
top of the foam layer limits significantly the steady-state foatnes which can coalesce or burst within the foam and cause t
thickness (20). Cablet al. (4) studied the foaming behavior offoam to collapse. Results reported by Hartland and co-worke
binary silicate melts and conclude that the atmosphere comid2, 13, 17) for different gases injected in different low-viscosity

Effect of the Surrounding Atmosphere
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TABLE 3
Values of Parameters K and n Obtained from Experimental Data and Relevant Properties for Different Gases Injected
in Low-Viscosity Fluids

Gas o “w P
Solution Concentration (mMN/m) (mPas) (kgm (mm) ro K n Ref.

water+ 10% glycerinatet+ Marlophen 89 120 Bl 32.1 1.22 1014 0.5 2.94 10° —2.04 Jeelanet al.(17)
water+ 10% glycerinatet Marlophen 89 80 Y 354 122 1014 05 4.18 10° —2.45
water+ 10% glycerinate+ Marlophen 89 40 B 41.1 1.22 1014 0.5 4.94 10° —-1.88
water+ 10% glycerinate+ Marlophen 812 80 Ml 35.4 1.22 1014 0.5 1.08 107 —2.08
water+ sucrose ARt glycerol SLR 120 N 26 20 1220 3.9 8.3% 10° —1.90 Hartland and

+ aerosol OT Barber (12)
water+ 10% glycerinate+ Marlophen 89 120 Bl 32.1 1.22 1014 0.5 1.05 10° —198 Hartlandet al. (13)
water+ 10% glycerinatet Marlophen 89 120 NQ 31 1.22 1014 05 6.85 10* —2.00
water+ 10% glycerinate+ Marlophen 89 120 Xe 31.52 1.22 1014 0.4 02490 —2.04
water+ 10% glycerinatet Marlophen 89 120 Co® 31.13 122 1014 0.3 2.82 1C6° —-1.73

solutions are reproduced in Fig. 6 in terms of the dimensionlegscosity fluids where bubble coalescence and Ostwald ripenir
numbersll; andIl,. Relevant experimental conditions and thare significant.
experimental constanks andn are summarized in Table 3. Note Moreover, it is worth noting that for the low-viscosity solu-
that for data reported by Hartlaedial. (13) the size distribution tions summarized in Tables 2 and 3, the paramktethanges
and the average bubble radius change drastically along the foaith the type of gas whil@ is almost the same for all gases and
height. More precisely, the bubble size distribution has a nharrasvclose to the exponent 1.80 found for highly viscous fluids
bell shape at the bottom of the foam and flattens out toward thés also interesting to remark that experimental data obtaine
top as small bubbles become smaller and large bubbles becdarenitrogen bubbled in different low-viscosity fluids and with
larger due to interbubble gas diffusion and bubble coalescenbabbles of different radii occupy the same region of Ehevs
Therefore, the discrepancies between the experimental datalfgrplot (Fig. 6).
low-viscosity fluids and the present work (Eq. [17]) can be ex- Finally, these findings tend to indicate that the deviation fron
plained by the fact that the bubble size distribution within théne model developed in the present work should depend on t
foam is described by a single parametgrtaken as the averagebubble size distribution and on the intrinsic properties of the ge
bubble radius at the bottom of the foam layer. While this aphase. In other words, a third dimensionless number should
proach seems to be sufficient for highly viscous fluids for whidhtroduced by extending Eq. [6] for the transient foam thicknes
the porosity and the bubble size distribution are almost unifortm account for Ostwald ripening, bubble coalescence, and oth
across the foam layer (15, 36), it is not satisfactory for lowphenomena involving the gas phase and for a nonuniform bubk
size distribution within the foams. Note that these consideratior
10" . , have been neglected in the development of Egs. [6] and [
o Moo o Buesa7all - proposed by Bhakta and Ruckenstein (1) and by Narsimhan a
A Jeelani et al, 1990 Ruckenstein (25, 27). The third dimensionless humber woul
N — Equation (18) . .
2N then, depend on the thermophysical properties of the gas (e.
solubility in the liquid phase, diffusion coefficient, etc.) and
hopefully enable one to collapse the data on a single line «
presented in this paper for high-viscosity fluids.
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This paper presents an approach to predict the thickness
pneumatic foams under steady-state and isothermal conditiol
Adimensional analysis has been performed based on the gove
ing equation for the transient foam thickness. Two dimension:
4 , L numbers have been identified as necessary to describe the 1
mation and stability of this type of foam:
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FIG.6. Correlation of dimensionless numbétg andI1; for different gases I, = &e and II, = Cax H_
injected into low-viscosity solutions. Fr o
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Physical interpretation of the dimensionless numbers has been N Number of bubbles per unit volume

proposed and the power law type relation has been assumed betqpg ~ Mass flow rate through the Plateau border
weenIl; andIl,. Experimental data have been used to find the r, Average bubble radius in the foam

empirical parameters of the correlation (i.Hz = KII7). The R Universal gas constaet 8.314 J/(mol K)

resulting semi-empirical model has been validated by compar- R2 ~ Correlation coefficient

ing its predictions with available data covering a wide range of T Temperature

viscosity, density, surface tension, gas superficial velocity, and t Time

average bubble radius with the following conclusions: u Velocity of the fluid through the Plateau border due

to gravity drainage

1. The relationship between the dimensionless parameters , Downward vertical elevation (see Fig. 1)

can be expressed as
Dimensionless Numbers
Heo 2905/ Fr 180 Ca Capillary number, defined in Eq. [16]
Re ’ Fr  Froude number, defined in Eq. [16]

lo - Ca
Re Reynolds number, defined in Eq. [16]

This equation is valid for foams formed from high-viscosity
liquids bubbled with nitrogen, air, and argon injected througi"€ek Symbols

single-orifice or multiorifice nozzles or a porous medium and Dimensionless parameter, Eq. [8]
featuring the following thermophysical property and experimen- g Constant
tal condition ranges: 1) Foam porosity (volumetric gas fraction)
e 46 < ;1 < 12100 mPas, i Dynamic visposity of the liquid phase .
« 1200< p < 3000 kg/n, Q Unit of foaminess, constant defined experimentally
. 695 < o < 478 mN/m, Eq. [1]
e 0< | <40mmss, M2 Dlme_nsmnless groups
¢ 0.7 <o < 20 mm. p Density
o Surface tension
2. Comparison between the developed semi-empirical corre- ¢ Characteristic time to reach steady-state condition

lation and the experimental data yields reasonable agreements
(within 35% error) given the broadness of the bubble radi®ubscripts
distribution around the mean value and the uncertainty of the
experimental data and of the thermophysical properties.

3. Predictions are very sensitive to the average bubble ra-
dius and a more refined model is still needed which should be
supported by careful experimental studies. Superscript

4. The effects of the initial liquid height and of the surround-

ing atmosphere and that of the type of gases contained in the ) _ )
bubbles remain to be explored. * Refers to dimensionless properties

1 Refers to the top of the foam layer
2 Refers to the bottom of the foam layer
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