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ABSTRACT

The engineering interest in gas-liquid foams, during the past two decades, has revolved
around the idea of industrially exploiting the special features of foam. This article
overviews the recent attempts at understanding and predicting the behaviour of the
simplest and most commonly employed foam device, the foam column. Mainly two
aspects which form the backbone of the potential uses of foam are discussed. These are the
analysis of gas absorption accompanied by a chemical reaction, which is discussed first;
and the question of liquid holdup in a semi-batch foam column, which is discussed next.
Finally, future research trends are mentioned.

INTRODUCTION

oam is an agglomeration of gas bubbles
F entrapped in a liquid matrix. The bubbles are
not spherical and are separated from each other
by thin liquid films, thus generating a structure in
which the relative movement of bubbles is quite
restricted. Though the quantity of liquid present
in the foam is quite small as compared to that of
the gas, the liquid forms the continuous phase.
Foams, bubbles and thin liquid films have
interested physicist and physical chemists for
more than a century now; Plateau’s pioneering
work! being the first landmark in man’s under-
standing of foams. Their interest, however, has
been mainly from the points of view of equilib-
rium shapes of bubbles, minimization problems,
capillary action, adsorption at the gas-liquid
interface, thinning of soap films, nature and
range of molecular forces in thin liquid films, etc.
Excellent books and reviews covering these inter-
est are available?!3

Foam as a nuisance

Many applied scientists, especially chemical
engineers, however, consider foam as a nuisance;
as it poses operational problems in their process
plants. Foam causes process difficulties, for

*Partly based on Kabbur Memorial Lecture delivered by Dr
R. Kumar at the University of Bombay on 7 September 1983.

example, in distillation columns'®, evapor-
ators'S, stirred vessels!®, sewage treatment
plants!”, fermentative synthesis of antibiotics'®,
pulping operations and handling of black liquor
in paper industry*®, pumping of petroleum out of
a well?, and in the manufacture of sugar®! and
phosphoric acid??. Recently, it has also been
found that foam causes problems in the treat-
ment of dyspepsia; and antifoaming agents (like
polydimethyl siloxane) have to be added to
antacid tablets?®. Earlier applied research was,
therefore, mainly conducted with a final view to
obviate foams in process equipments'™%

Uses of foams

In the last two decades, however, the emphasis
has shifted. Engineers have started wondering
whether the nuisance can be converted into an
asset. And, indeed, foam does have certain re-
markable features which make it a suitable
candidate for many uses. These characteristic
features of foam are: (i) low liquid content (less
than 3 %), (ii) large amount of gas entrapped in a
liquid matrix, (iii) adsorption of surface active
solutes at the gas-liquid interface, (iv) very high
gas-liquid interfacial area per unit volume of the
liquid, (v)reasonably rigid structure, and
(vi) very high viscosity. These characteristics have
suggested a number of possible applications.
They are:
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(i) As a dust collecting device: Investigations-2
have revealed that foam is a useful device to
separate dust out of dust-laden gases. The device
is also effective for submicron-size particles.

(i) Plant protection: Foams of gelatin, citrus
pectin and starch phosphates have found appli-
cations in protecting plants from frost?°-3,

(i) Foam fractionation or foam separation: This
is a very promising, relatively new separation
technique; and has been  extensively
investigated ®3-42 [t is particularly useful in cases
where classical separation techniques cannot be
employed because of the very low concentration
of the solute in the solution.

(iv) As a gas-liquid contacting device: Its high
interfacial area makes foam a good gas-liquid
~ contactor; especially when a large amount of gas
is to be contacted with a small amount of liquid;
e.g. in the effluent gas cleaning*—.

(v) Paper making: A new technique, called the
Radfoam process, for paper making and manu-
facture of non-woven fabrics which utilizes foam
as a fibre suspending medium has also been
reported*8. Foams are also increasingly em-
ployed in textile printing and processing because
of their rigidity and low liquid content*®.

Foam columns

Many of these applications of foam require
that foam be continuously generated ina column.
A simple way to do this is to sparge a gas through
a distributor, like sieve plate, into a shallow pool
of surface active solution kept at the bottom of
the column. The gas emerges into the shallow
pool in the form of bubbles which rise through
the liquid and generate a foam layer on top of the
pool. The stability of the foam is controlled by
the addition of the requisite amount of appropri-
ate surfactant. The foam column can be operated
in different modes shown in figure 1.

Two commonly studied modes are the semi-
batch and co-current modes. In the semi-batch
mode, the foam continuously forms at the foam-
liquid pool interface; and continuously breaks at
the foam-gas interface. The liquid thus released
flows back through the foam into the pool. The
gas has a constant input into and output from the
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Figure 1. Modes of operation of a foam column.

foam column. In the co-current mode, the foam is
continuously formed and removed from the
foam column.

To employ these foam columns effectively for
the uses mentioned earlier, some basic under-
standing of their behaviour with respect to
system, operating and equipment parameters is
necessary. And to gain such an understanding, it
1s necessary to keep in mind certain fundamental
aspects of foam. These are described next; and
after that the questions of mass transfer and
liquid holdup in the foam column are discussed.

Some fundamental aspects of foam

The regular features of the structure of foam
are well-described by the famous laws of
geometry of bubble agglomerates postulated by
Plateau!>3% He suggested these laws from the
observations on the structural stability and mini-
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mization of surface energy. The laws are:
(1) Three and only three liquid films meet at an
edge. And the angle at which they meet each other
1s 120°. (i) Four and only four of these edges
meet at a point. And the angle at which they meet
each other is 109° 28’ 16" (the tetrahedral angle).

It has been suggested that an idealized foam
consisting of equal-sized regular pentagonal do-
decahedron shaped bubbles closely meets the
requirement of the above laws; and hence actual
foam would consist of such bubbles 82, This has
been borne out fairly well by observations on
actual foams®-3% Consequently, many engineer-
ing models of foam behaviour**-%* have em-
ployed this dodecahedral idealization. Figure 2
shows the idealized foam bubble.

Figure 2. Regular pentagonal dodecahedral foam
bubble.

Figure 3 shows a cross-section at a place in the
foam where three films meet. The edge at which
the three films meet is called a ‘Plateau border’.
These Plateau borders constitute a net-work
through which the liquid at the top of the foam
drains down to the bottom of the foam3 5 In
fact, at every point within it, the foam continu-
ously drains its liquid contents downward be-
cause of gravity. This drainage of foam liquid
through 1ts Plateau borders plays an important

part in the considerations of both the mass
transfer and the liquid holdup in the foam.

It is also evident from figure 3 that the gas-
liquid interface of the Plateau border is concave
outward; whereas, that of the liquid film is flat.
Consequently, according to Laplace’s law of
capillary pressure>>% the pressure within the
Plateau border is less than the pressure at the
centre of the film. This causes the liquid film to
continuously thin out until the pressure gradient
is counter balanced by some other effects. This
thinning of foam films is also important in the
considerations of the mass transfer and liquid
holdup in the foam.

Fitms between
bubbles

Plateau
borders

Figure 3. Films and plateau borders of foam.

GAS ABSORPTION ACCOMPANIED BY A
CHEMICAL REACTION IN A SEMI-BATCH
FOAM COLUMN

As mentioned earlier, investigations***’ have
appeared in the literature indicating that, under
certain conditions, a semi-batch foam column as
a medium for gas absorption can be more
effective than a conventional packed tower or a
bubble cap column. Much of this work is empi-
rical in nature and tries to develop useful corre-
lations for physical characteristics of foam beds
and the mass transfer coefficients etc. A theoret-
ical analysis, based on the idealised structure of
foam described earlier, has recently been sug-
gested by Biswas and Kumar®®. These authors
consider a semibatch foam bed reactor as made
up of two parts viz the storage part and the foam
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part. There is continuous inflow and outflow of
liquid from the storage section. The flow of liquid
is maintained in such a way that there is always a
constant volume (V) in the storage section. A part
of the liquid goes from the storage section into
the foam, reacts with the gas and returns in
partially converted form to the storage.
According to the dodecahedral idealization of
foam, the liquid matrix is made up of thin flat
films and the Plateau borders (PBs); and the films
continuously drain into the Plateau borders
because of capillary pressure, as mentioned ear-
lier. As the surface area of the PBs is negligible
when compared to that of the films, it is assumed
that no mass transfer takes place from gas to the
PBs. Thus, the gas rising in the foam section
diffuses and reacts with the liquid in the film. As
the film is continuously draining, its thickness
goes on reducing as a function of height. To
account for this, the foam section was subdivided
into a number of subsections.

The idealisation of the foam bed reactor is
represented in figure 4.

The material balance equations for B i.e. the
reactant in the liquid phase are:
Storage section: '

dC,

_V.a«r = (Q1 <+ Q)CB‘QCBo_Qlc’B (1)

Foam section:

To obtain the Cin the storage as a function of
time, it is necessary to express Cpas a function of
C . This is done by considering the reaction in a
film surrounded on both sides by a limited
amount of gaseous reactant. The pertinent equa-
tion for this is

oCs_p €,

”é;: 4 '5;2— - )‘CA (4)

Initial condition:

At t.=0, —a<x<a C,=0 (4a)
Boundary conditions:
1 oc* _ oC
¢ X Tda 12 b az‘: +DAS ox
(4b)
where C,=kC*
The solution of (4) 1s
M o]
M _, 3 exp (p, L)
M, 1] gy &y P +p,2,1a
21 2D ,K; 2D%K:?
(5)

where p,’s are the non-zero roots of

1
L. K,tanK,aand K? = — P, t+ 4
DA DA

The concentrations of the unreacted liquid react-

(6)

0.C, = i 4Cy 2 2 Cy,» Cs,. . -and Cp at the ends of different
= foam sections with cumulative contact times
where t.» (t,+1.)etccan be expressed as:
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Figure 4. Model representation of a foam column reactor.
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Similar expressions are available for other sub-
sections also. From C , values, the C'yis obtained

which on substitution in (4) yields an equation:

dC

—(j—t9+P1CB=P2 ®)
where P, = Q/V and
1 2y O M,
P,=—=|QC, ——2=— .
2 V[Q Bo V]
0@+ ---qm-l)(Mm-Mm_l)]
Vin

Equation (8), when solved with the initial
condition
Att=0, Cy=C,, yields
P, P
CB=CBOe“P:’+—I;j—-};j—e’P" 9)

The outlet gas concentration can be obtained
straightway and works out to be:

12M,,
Co=Co— v, (10)
The expressions for ¢, v, an, 1 and ¢, are:
z':—mQG Em+1 QG

= —_ — — (11)

T g 0%

U, E,

=T 12
m = 61— g,) (12
" e, T, (13)

T 7537(1—%,) tan 54°

Uy

= 14
b= 005k an 58 14)
2(1 _ %
= Hmred =2 15)
" Q¢

This model has been verified by Biswas and
Kumar®? by studying the reaction between CO,
and aqueous solution of NaOH using a semi-
batch foam bed reactor. A typical comparison
-between the experimental variation of C, with
time with that predicted by theory is shown in
figure 5. The model is found to be quite
satisfactory.
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Figure 5. Plot of C s t.

Recently, Bhaskarwar and Kumar®* have sim-
plified the model, based on the findings of Desai
and Kumar®?, who found that for liquids of low
viscosity, the liquid hold up varies sharply in the
first few centimeters from the liquid pool and
thereafter remains virtually constant. Thus, there
is no need to have too many subsections in the
foam. Instead the foam can be considered as a
single section only. They have tested the simpli-
fied model by studying the oxidation of sodium
sulfide with air at 75°C. The value of the second
order reaction velocity constant is already
available in literature®®. Two sets of their data are
presented in figures 6 and 7, along with the
theoretical predictions. Figure 6 gives conversion
versus time plot when sodium dodecyl sulphate is
used as the surfactant; whereas figure 7 presents
similar results for octyl phenoxy polyethoxy
ethanol. It is interesting to see that for a fixed
time, as the height of the foam bed is increased,
figure 6 indicates that the conversion is decreased,
whereas figure 7 indicates just the opposite
trends. The reason for the opposing trends is the
behaviour of ¢ with height for the two surfact-
ants. The model also predicts the same trends as
obtained experimentally.

Both Biswas®? and Bhaskarwar®* have studied
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Figure 6. Effect of height of foam bed on conversion
(surfactant-sodium dodecy! sulphate).

second order reactions by treating them as
pseudo first order ones. The conditions for
treating them as pseudo first order ones®’ were
met and pseudo first order rate constant was
found as the product of the true second order rate
constant and C,. As Cpvaried as a function of
time, the integration of (4) was done over short
successive intervals of time.

LIQUID HOLDUP IN SEMI-BATCH FOAM
COLUMNS

Analysis of a column used for any of the
purposes mentioned earlier requires a knowledge
about two basic variables. These are the bubble
size and the liquid holdup. Prediction of bubble
sizes has been investigated extensively and con-
siderable predictive capabilities to estimate
bubble sizes from the first principles already
exist®8:5°. However, the prediction of the liquid

holdup in foam columns, without recourse to any
adjustable parameters, has only recently been
attempted®®. This attempt is described below:

Hydrodynamics of a Plateau border

A very interesting and fundamental feature of
foam is that it has draining pipes (Plateau
borders) which do not have solid (or rigid) walls.
All earlier models*-% of liquid holdup and foam
drainage had to have an empirical constant to
account for this non-rigidity of Plateau border
walls. Only Leonard and Lemlich®** took into
account the non-rigidity of Plateau border walls.
However, they solved the problem numerically
and did not present the average velocity through
the Plateau border as a function of the surface
viscosity (which is the measure of non-rigidity of
the walls), thus making their work unamenable
for use in later models on foam. This problem of
flow through a Plateau border has recently been
solved® as follows:

The cross-section of the Plateau border is
idealized as an equilateral triangle with vertices of
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Figure 8. Details of the idealised Plateau border.

the triangle having zero velocity. Figure 8 shows
the details of the idealized Plateau border. From
the comparison of figures 3 and 8, it is evident
that the idealized shape simplifies the situation
considerably without introducing any note-
worthy deviation from the real shape. Also, of the
whole triangle Ges, only triangle AoB need be
considered, because from the flow through this,
the whole flow field can be generated through
considerations of symmetry.

Equation: For steady, incompressible, viscous
flow through the Plateau border, the pertinent
form of Navier-Stoke’s equations, in dimension-
less form is:
v v
— +—=3G 16
ox? + oy? (16)

where
V=0, 0,0 X = x'/\/3a’; Y = y’/\/3a';
Upax =V at X’ =0; y =0 (17

and G=——

(18a)

Boundary Conditions: The pertinent boundary
conditions, in dimensionless form, are

(1) at x, = 1/\/3; yi=1; v=0
(zero velocity at the corner B)

(19a)

(@) aty, =0; 0<x, <1/4/3;
(@v/0y,)=0

(19b)
(symmetry across the line AO)
(i) at x; = 1/,/3; 0<y; <10
(@%v/0y3) = /3 - (@0/0x,)  (19¢)
where a=pa/u (18b)

(from the momentum balance at the gas-liquid
interface; assuming no surface tension gradient
on the gas-liquid interface)

(iv) on the line y, = \/3x1; 0<y, <10

d 0
S =2 (19d)
ox; Oy,
(symmetry across the line OB)
(v)atx, =0, y, =0, v=10 (19¢)

(from the definition of v)
Solution

The solution is obtained by a method of
successive approximation (or a boundary collo-
cation method) and is given by

G\/4
v= ( ~——Z>(§ —3x? —3y? - /3x3
+3/3x,y?

+ X A,.'cosh(ngxl)-cos(ngyl)
n=1,3,5

K

+ Y Cidilxy,y1) (20)

i=1,2,3

where 4,’s and C;’s are constants, and K is the
order of approximation desired. ¢;(x;,y,) rep-
resents a polynomial of order i in x,, y,; and
could be given by the following general
expression:

iesy) = ¥ ay[x{p] - (/3]

j=0.2,4
i=1273 K (21)
where
_, G==i=1)
YU+ G+Y

(222)

Qijr2 =
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and ai’o =1 (22b)

The constants A,’s and C;’s are to be evaluated
from boundary conditions’®. This solution re-
duces to the known solution of slow steady
viscous flow through a triangular pipe, when
surface viscosity is infinite (ie. when the pipe
walls are rigid).

The main findings of this analysis are succintly
represented by figure 9. Figure 9 relates a velocity
co-efficient (which is the ratio of the average
velocity through the Plateau border when the
surface viscosity is finite to the average velocity
when the surface viscosity is infinite, i.e. the walls
are rigid) with the inverse of dimensionless
surface viscosity, «, defined by (I8b). It is
evident that for a very low value of surface
viscosity the average velocity through the Plateau
border can be as high as about 40 times the
average velocity obtained with a rigid pipe.
Figure 9 also shows the limited experimental

verification of the theory. The curve of a versus §
with K = 6 is a general one; and for easy use in
theories on foam, it is available®® as a polynomial
in o.

Foam Drainage Mechanism

Another very interesting feature of the foam is
that it has a drainage network consisting of
collapsible pipes in the sense that the cross-
sectional area of a pipe can be increased by
increasing the flow through it and vice versa. This
fact, however, raises a question as to whether all
the Plateau border surrounding a gas bubble are
incorporated in the drainage network of foam.
All the earlier models on foam drainage mechan-
ism3453-5% assume that all the Plateau borders
around a bubble participate equally in the
drainage. This view, however, leads to much
higher prediction of liquid holdups in foams than
observed experimentally. And experimental re-
sults are explained only by introducing arbitrary
adjustable parameters®*>*%% or by assuming
much lower values of surface viscosity®>:3¢ than
observed by independant experiments’!-72. A
recent model®> on liquid holdup in semi-batch
foams adopts a different view. These investi-
gators suggest that all the Plateau borders
around a gas bubble are not included in the
drainage net-work. Their idealization of the
drainage mechanism is given in figure 10. They

2 34/
LY T T T 1 Klaz?l
4.6 x10} -1
10.0}~ /
46— -
K=3,4,5,6
k]
3-* 1.0~ -
3 A
8 4.4x10 - -1
n
>
3]
v
< =1
5 0+ .4
[
¢ ftxid
-g' Theoretical
% e Experimental
£ 102 o Distilled water +NaDS
S L.Lxl53- ®  Distilled water NaDS+DA |
i
[
>
£
153k |
-4
4.4x10 -
1 ! [ N | L1l i ] Lol

1 10 60
Velocity coefficient, f3

Figure 9. Variation of velocity coefficient with the
dimensionless surface viscosity.
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Figure 10. A schematic representation of the pro-
posed mechanism of drainage.
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distinguish between two kinds of Plateau bor-
ders: Nearly vertical Plateau borders and nearly
horizontal Plateau borders. The drainage net-
work of foam consists of only nearly vertical
Plateau borders. The nearly horizontal Plateau
borders merely transfer the liquid from the films
and their own liquid into the nearly vertical
Plateau borders. Based on this idealization and
taking the structural parameters of foam into
account, the following equations have been writ-
ten which can predict the liquid holdup profiles in
a semi-batch foam column.

_IM e 2o 23)
dz .

-—%‘;—2—+%K’{‘wf— f2 = 0 24)
- %;—3 + Kg‘-a%-[wg] + -;—K’l"wf +K§w? = (()25)
where Wy = £_F€T (26a)

W, = ;%i; (26b)

Wy = ff’:T (26¢)
and Er= £+ Eypp+ Eypp 27

and constants K¥, K% and K% can be evaluated
from system, operational and equipment
parameters®>.

This mode] has been verified experimentally®®,
A typical comparison between the experimentally
obtained holdup profiles with those obtained by
theory is shown in figure 11. It is seen that the
agreement between the two is fairly encouraging.
Itis also seen that model adequately predicts the
effect of liquid viscosity on the liquid holdup
profiles. The performance of the theory when
other parameters (like superficial gas velocity,
surface viscosity etc) are varied is equally
encouraging.

Future research trends
Systamatic analysis of foam bed column has
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Figure 11. Effect of viscosity on the liquid holdup
profiles.

just begun and is still in a stage of infancy.
Significant amount of effort is required before
adequate understanding, resulting in more
robust models, emerges. Some of the unresolved
problems requiring immediate attention and off-
ering intellectual challenge are: (i) general model
for the reactor, (ii) reactor involving multiple
phases, (i) co-current foam reactor analysis,
(iv) recirculation phenomenon and its inclusion
in the analysis, (v) foam stability analysis,
(vi) effect of addition of solid particles,
(vii) prediction of dust collection efficiency,
(vi) how to use foam for gas separation,
(ix) study of desorption in foam beds etc.

It i1s premature to conclude whether foam
columns will find large scale applications in
industry. The present trend, however, indicates
that such chances are bright.
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NOMENCLATURE and M,, half the film for contact times Lo
_ . (te,+t,) o+t +e +... t,)
2a : thickness of a liquid ﬁh:.n, cm respectively, g mole 3
ay,dz,d3 - .- halves (‘i’f 2a” in S;fb:fm;;ls L23 M o . total amount of reactant A, both
and a,, . .. and m respectiv y,. free to diffuse and immobilized in
a : one third of the median of the half the liquid film of surface area s
equilateral triangle GEB, cm. after infinite time, gmole
a;,s : constants, Eqn. (21). : integer number 0,1,2,3,. . .
Ays : constants, Eqn. (20). p : pressure, dynes.cm ™2
Co . initial concentration of reactant A P, . defined in eqn. (6)
. 3
in gas phase, g mole/cm R P, . equals Q/V
: i tant in i
C, : c.onc:‘entratlon of reac 3an i P, . defined in text
liquid phase, g mole/cm
c* . concentration of reactant A in gas- ~ 91:92:93 - - : flow rates of liquid drained from
eous phase, gmole/cm? and g, subsect'lons 1, ;’Z, 3, ... and m
) .. respectively, cm?/sec
Cg : concentration of liquid phase re- - T _
actant B, gmole/cm? ) : flow rate of liquid entering the
I . o foam bed reactor, cm3/sec
Cp, : initial concentration of liquid- _
phase reactant B, gmole/cm® Os : flow rate of gas through the reactor
. .. column, cm3/sec
Cp,Cp,Cp, - - . concentrations of liquid-phase re- S
and C, actant B at the ends of the subsec- @1 : tOt";‘I flow rate of draining liquid,
tions 1,2, 3. .. and m respectively, cm®/sec
gmole/cm? ro : average radius of a bubble, cm
Cy : concentration of reactant B in feed r. : average radius of the reactor
back liquid, gmole/cm? column, cm
Cs : exit concentration of unreacted s : surface area of a liquid film, cm?
3 .
gas, gmole/cm t : reaction time, sec
C’s : constants, Eqn. (20) L © contact time, sec
D,  diffusion coefficient of reactant A : contact time for any subsection
in liquid phase, cm?/sec " m, sec
G : dimensionless pressure drop de- : dimensionless velocity in direction
fined by Eqn. (18a) 2
H : height of any foam subsection, cm v, . velocity in the direction z,
k : equilibrium distribution factor cms.sec”?
K : order of approximation, a con- ¥ ax : velocity in direction z’ at the origin,
stant, Eqn. (20) cms.sec™!
K, : defined in Eqn. (6) V : storage volume, cm?
K¥ K% K% : constants eqns. (23)-(25) Vi, Va,. : volumes of liquid films in sub-
1 : equals ¥,/12ks, cm sections 1, 2, ...m respectively,
: 3
. cm
m : number of a subsection of the foam
layer V : volume of a bubble, cm?
M : total amount of solute, both free to Wi, Wy, W : dimensionless variables defined by
diffuse and immobilized in half the eqns. (26)
liquid film of surface area s at x : distance from the centre of the
contact time t,, g mole liquid film, cm
M;,M,,M; . ..: amounts of reactant Aabsorbedin = X’ : coordinate axis x/, cms
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X, : dimensionless co-ordinate axis x;,
eqn. (17)

y : coordinate axis y', cms

Vi : dimensionless co-ordinate axis y,,
eqn. (17)

Va4 . stoichiometric factor, ie. moles of

liquid phase reactant B consumed
per mole of gaseous reactant A

3

: distance from the foam-liquid pool
interface, cm

3]

: co-ordinate axis Z', cm

Greek symbols

o _ : inverse of dimensionless surface
viscosity defined by eqn. (18b)

B : dimensionless velocity coefficient
defined in the text

€ : volume fraction of liquid at a plane
in the foam column

B : average value of ¢ for subsection m

Ep : volume fraction of liquid in films

EHpB : volume fraction of liquid in nearly

horizontal Plateau borders

€ypp : volume fraction of liquid in nearly
vertical Plateau borders

Ep : volume fraction of liquid defined
by eqn. (27)

A : pseudo-first order kinetic rate con-
stant, sec ™!

I : viscosity of the liquid, gm.cm™?.
sec™!

Hs : surface viscosity of the gas-liquid
system, gm.sec™!

T : equals 3.142

o; : a polynomial function defined by

eqn. (21)
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