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Foam is an agglomeration of bubbles entrapped in a liquid matrix. Bubbles are
polyhedral and their relative movement restricted. Though liquid occupies only about
3% of the total volume, it forms the continuous phase. Engineers have conventionally
considered foam a nuisance because it interferes in the smooth running of the pro-
cess equipment, and have tried to search various antifoaming agents. In recent years,
however, attempts have been made to use the very special characteristics of foam,
like their low liguid hold-up, high interfacial area, high viscosity, finite vield stress
and their capacity to distribute solids or dissolved species uniformly. Thus they find
uses in crop protection from frost, finishing of fabrics, application of pesticides, en-
trapping radioactive spills and in petroleum industry. The exact morphology of foam
still remains elusive, but it can be idealised as an agglomeration of bubbles which
are pentagonal dodecahedrons in shape. They are separated by films and Plateau
borders. The films provide the high surface area whereas the Plateau borders form
a network of foam drainage. Foams can be advantageously used for contacting large
quantities of lean gases with small quantities of liquids. This kind of reactor is analysed
by assuming that a liquid is surrounded by a limiied amount of gas on each side.
The gas diffuses and reacts with the thin slice of liquid. As surfactants are used to
stabilise foam, this offers surface resistance which has to be included in the analysis.
The model has been tested not only for gas-liquid systems — but also for three phases.
The third phase can be a finely divided solid catalyst, a dissolving and reacting solid
or another absorbing liguid phase.

To understand these reactors, the hold up profiles of foam beds are required for various
modes of functioning of foam bed. It is possible to analyse the foam drainage by
assuming the foam into film, nearly horizontal Plateau borders and nearly vertical
Plateau borders. The downward drainage occurs only through the vertical Plateau
borders. Such an analysis is able to explain drainage from static semi-batch and co-
current foam columns.

There are a large number of problems which require analysis. They are associated
with foam morphology, foam rheology and foam flow through pipes and porous
media.
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INTRODUCTION

FOAM is an agglomeration of gas bubbles entrapped in a liquid matrix. The bubbles
are not spherical, but are polyhedral in shape. They are separated from each other
by a number of thin liquid films, thus generating a structure in which their relative
movement 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.

Conventionally, foam has been considered a nuisance by chemical engineers as
it poses operational problems in the process plants. By preventing vapour disengage-
ment from liquid phase, it causes malfunctioning of distillation columns and
evaporators. By flooding the free board provided in stirred vessels, it causes opera-
tional problems in fermentative synthesis of antibiotics, sewage treatment plants,
phosphoric acid manufacture etc. While pumping petroleum out of the oil well, the
oil has been known to come out as foam, with the height of foam reaching as much
as 1500 meters, possibly the tallest foam column ever reported. On overcoming this
problem, the daily petroleum production from the affected well rose by a value as
high as 40%. Foam is also known to cause problems in paper and sugar industries,
Recently, it has been found that foam catuses problems in the treatment of dyspepsia
and antifoaming agents like polydimethyl siloxane have to be added to antacid tablets.
Earlier research work was, therefore, mainly conducted with the final objective of
obviating foams from process equipment.

In the last two decades, however, the engineers have started wondering whether
this nuisance can be converted into an asset. And, indeed, foam does have a number
of remarkable features, which make it suitable for many uses. It has an exiremely
low liquid content (less than 3%) and has large amount of gas entrapped as individual,
unconnecied bubbles entrapped in a liquid matrix. Because of the liquid films, it
offers large interfacial area for transfer processes to occur. Though foam is made
mainly of a gas and a liquid with a surfactant, its physical properties are far removed
from those of its constituents. For example, foam behaves both like a solid and a
liquid. Until a minimum stress is applied foam does not flow. Once this is exceeded
it behaves like a liquid. The viscosity of foam is atleast two orders of magnitude higher
than its two main constituents viz., the gas and liquid. The surface active materials
have a tendency to get accumulated at the gas-liquid interface.

These characteristics have been used to develop a number of applications of foam
in industry. The first use was probably made by the insect, froghopper belonging
to the genus Philaenus circopidae. The nymph of this species secretes a foam as soon
as it hatches from the egg and covers itself completely. The foam called cuckoo spit,
remains in place for several weeks and protects it not only from predators but also
from rain and the sun. The properties used for this are the rigid structure and en-
trapped gas in the form of separated bubbles. The same properties make foam suitable
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for crop protection from frost on one side, and stiffling explosions on the other.
Foams have been found to lessen the severity of explosion.by 90%. The energy of
the shock wave of the explosion is expended in breaking the films into tiny water
droplets and in evaporating them. For protecting plants from the frost, the foams
of gelatin, citrus pectin and starch phosphate have found application. Similarly loss
of heat from a green house has been prevented by covering it with foam at night.
In the day time the foam breaks and the liquid is collected to be reused at night.
Because of the special structure of the foam and its low liquid content, it has been
used to contain materials. For example, in coal mines the coal face being excavated
if covered with foam not only reduces the pressure of detonation but also traps the
coal dust, thus reducing the chance of coal dust explosion. As the foamr ean trap
materials and uniformly distribute them within itself, it is used widely in fabric in-
dustry to distribute finishing agents such as dyes or resins on fabrics: Not only does
the foam distribute the finishing agent uniformly but also minimises the amount of
water absorbed, thereby reducing the subsequent drying costs. Its trapping capacity
is also used to clean up the spills of radioactive materials. A small amount of water
in the form of a large volume of foam is enough to clean up a large area and gives
only a small volume of final contaminated liquid after the clean up. Yet another ap-
plication resulting from the trapping capability of foam is in making nonwoven fabrics.
A new technique called the ‘Radfoam Process’ for making paper and non woven
fabrics has been reported. As the fabrics are randomly oriented in the foam, the same
orientation is also obtained in the final product. The process has been tested on a
pilot plant scale. During the recovery of petroleumn from oil wells, foam is used in
many ways. Water, normally found in the deep oil wells, is removed in the form of
foam by adding a surfactant and passing air. Foam is also used as drilling fluid and
as a diverting agent. The wells are normally pressurised to generate cracks in the for-
mation so that the flow of hydrocarbons is enhanced. Sand is added to the pressuris-
ing fluid as a proppant to fill the fractures with a porous medium. Foam is preferred
as a pressurising fluid, as it distributes the proppant more uniformly. With water
flooding for enhanced recovery, there is a problem of fingering as the viscosity of
water is much lower than that of oil. If however foam is used, the fingering can be
avoided because of its higher viscosity.

Because of the difference in the surface activities of different species, foam is
used for their separation. The surface active species gets adsorbed at the gas liquid
interface and goes into the foam, thus providing an effective method of separation.
Some of the microbial cells, too have this tendency and can be effectively separated
from the broths.

The high interfacial area offered by foams makes it a good candidate to be used
as a gas liquid contactor. This is particularly useful when large quamifies of_ lean
gases have to be reacted with small quantities of liquids e.g., in gas cleamng.lF!nal_ly
foams have been suggested as the basis for gas enrichment, where advantage is taken
of different permeabilities of different species through foam films. Many existing
and perspective uses of foams have been discussed by Aubert ef al.!
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MoRrrHOLOGY OF FOAM

All the applications mentioned earlier are the result of special properties of foam
which are imparted to it by its special structure. A liquid film is inherently unstable,
but can be stabilised to some extent by the addition of surfactants. The surfactants
tend to suppress the effect of small disturbances and reduce the rate of thinning of
the film. Thus foams are metastable and maintain their configuration so long as they
cannot reach a new configuration having a lower energy. The actual shape of the
foam bubble is obtained through the application of Plateau’s two laws, which he
suggested on the basis of structural stability and minimisation of surface energy. The
two laws are: —

(i) Three and only three films meet at an edge, the angle between the adjacent films
being 120°.

(ii) 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).

Based on these laws a foam bubble turns out to be pentagonal dodecahedral
(twelve faces, each face being a regular pentagon) in shape. Thus foams have been
normally idealised to be made up of agglomerates of pentagonal dodecahedral bub-
bles. A pentagonal dodecahedron is shown in Fig. 1(a). Though many bubbles of
this shape are observed in an actual foam, yet there are a variety of other shapes
too. Further, an agglomeration of pentagonal dodecahedrons cannot fill.the whole
space. Use of irregular polyhedron, the beta-tetrakaidecahedron instead of the pen-
tagonal dodecahedron has been found to match the actual morphology better.
However, no model has been successful in matching all the geometric properties of
the real foams. It is however found that the various processes of engineering interest
are not very sensitive to small changes in the finer details of foam morphology. Thus
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bubbles

Plateau
borders

(a) (b)

Fic. | Pemagonal dodecahedron (a) and films with plateau borders (b)
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foams are normally idealised as agglomerations of pentagonal dodecahedral bubbles.
The junction at which three films meet is called a Plateau border (PB). In an actual
foam, these Plateau borders form an interconnected network, through which liquid
drains from the top towards the bottom of the foam due to gravity. This drainage
plays an important role in deciding the liquid hold up and the thickness of the liquid
films, thereby influencing the various properties of the foams. A typical set of films
alongwith their PBs is shown in Fig. 1(b). Whereas the films are flat, the PBs are
concave outwards. As the pressure inside the bubbles is uniform, the difference in
curvature implies that the pressure inside the film is higher than the pressure inside
the PB. This pressure causes the liquid flow from the film to the PB, resulting in
continuous thinning of the film, leading towards instability. The thinning of film
is important both for mass transfer and liquid holdup inside the foams.

FoaMm BED AS A GAS-L1Quid CONTACTOR

If a gas i passed through a pool of liguid containing a surfactant in a column,
foam is formed. By adjusting the concentration of surfactant, the foam bubbles can
be made to break at the top of the column. The foam column is then considered
to be working in the semibatch mode. If need be, the liquid can be fed and removed
continuously at the base of the column. The bubble sizes in the foam can be controll-
ed by using an appropriate gas distributor. This kind of gas liquid contactor offers
high interfacial areas (~ 40c ') and low liquid holdups (< 0.03). It has been ex-
perimentally shown by many investigators that, under certain conditions, a semi-batch
foam column as a medium for gas absorption can be more effective than a conven-
tional packed tower or a bubble cap column. A theoretical analysis based on idealis-
ed structure of foam described earlier has been suggested by Biswas and Kumar.*
A typical semibatch foam bed reactor is shown in Fig. 2. These authors consider the
reactor to be made up of two sections viz the storage and the foam section. The gas
bubbles generated in the storage section carry liquid along with them. The reaction
occurs inside the foam section. At the top of the foam bed. the bubbles break and
the gas is released. The partially reacted liquid drains back to the storage section,
which is assumed to be well mixed. The entire quantity of the liquid carried into the
foam section does not participate in the reaction. There is a continuous discharge
of liquid during the upward movement of foam. Thus the liquid hold-up continuously
varies with height. To account for this the foam section is subdivided into subsec-
tions, each of which is assumed to have a constant hold-up of liquid. The hold-up
varies from one subsection to the other. There is a continuous inflow and outilow
from the storage. This is arranged in such a way that the volume of the liquid storage
section remains constant. According to the dodecahedral idealisation of foam, the
liquid matrix is made up of thin films and PBs; and the films continuously drain
into PBs due to curvature difference. As the surface area of PBs is negligible when
compared to that of films, it is assumed that no mass transfer takes place from gas
1o PBs. Thus the gas rising in the foam section diffuses and reacts with the liquid
in the film. The idealisation of foam bed reactor is shown in Fig. 3. The material
balance equations for the liquid phase reactant ‘B’ are: -
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To obtain Cp in the storage section as a function of time, it is necessary to ex-
press Cp as a function of Cy. This is done by considering a foam film surrounded
on both sides by a limited amount of gaseous reactant. The mass transfer with chemical
reaction in this system is assumed to occur for the time the film spends in a par-
ticular subsection. The pertinent equation for this is:

acC 9*C
—A =p, —* _\x.C, (4
ar. ax-
At
t. =0, —asx=a Cy=0
1 3C 46 ac,
t. =0, = +a,- — . Vg. —52 + DS —=
‘ YEEET TR Ty T Ty
ac ac
or | =4 = 4 D4 —4
at,. - ax
where v,
C,=k.C and [ = —"—
a =, AG 12kS
The solution of equation (4) is
L X 2 N
M a P, Pial ...(5)
A=l 1+ — + -

1._ /.__‘_ + [ ...2,,_,,_2.
21 2D4K; 2D4K;,
where P,’s are nonzero roots of
P, + N

IP,
= K,.tanK,.a and K2 = - — -(6)
D, D,

The concentrations of the unreacted liquid reactant Cy, at the ends of different foam
sections with cumulative contact times can be expressed as
2y, M, v, (M; - M) 2y, M, - M)
Cp = Cp - - - —
VI V: Vj
Substituting the expressions for Cg, Cg, etc in equation (1) and using expression
(3), we obtain,

7

dc
—2 4+ pCy = Py, ...(8)
dt
where P, = Q and
V
1 Z.yAQlMJ zyAQ! - ---(q] +Qm-l) (Mm - Mm—l)
P, = —{QCy -
V V| Vm
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Solving equation (8) with initial condition

t =0, Cg = Cp, we obtain

P, P, _
Cpg = Cgpe Pt + —= - —= P17, ...(9
B B0 P, P, 9

The final gas phase concentration may be obtained by

12M,,

Co = Cy -
G (1] Vb

...(10)

€ Q¢ €. Qc
- _&Q; €4 Qo (1
T T U-a.n)

= S (12)

I g ry
7.537 (1 - €;) tan 54°

. (13)

Vi
| = g ..(14)
10.05k rj tan 54°
and 2 ——
HIT rz (1 ~ €
li= 7(———). (195

Q6

The model has been verified by Biswas and Kumar? using a semibatch foam reactor
without any inflow of the reactant into the storage section. The system employed
for model verification was carbonation of sodium hydroxide solution. No external
agent to stabilise foam was employed and hence the foam was unstable and its height
was low. A typical comparison is shown in Fig. 4. The model explains the decrease
in liquid phase reactant in the storage section as a function of time quite well. The
multistage model requires the division of foam into many subsections. Their number
is arbitrary and large, causing the necessity of large number of calculations, thereby
reducing its utility. Further, the concentration for each stage is found by assuming
that the drainage at the end of each stage leaves the diffusion and reaction processes
unaltered.

When the liquid viscosity is low, the liquid holdup in foam is a very weak func-
tion of height.? In such a situation, there is no need to differentiate among various
subsections, all of which can be collapsed into a single stage. Such a simplified model
has been tested using sodium sulphide oxidation as the reaction,* and the model has
been found to satisfactorily explain the results. The reaction has been treated as pseudo

_ first order. However, the rate constant is a function of the concentration of liquid



FOAMS: FROM LIABILITIES OF ASSETS 289

5.4 b
[~ AIR FLOW RATE 375 cm3/sec]
FOAM HEIGHT 5 cms
3 A
2 50k
o
£
_}-_: — .
B A \ [u]
g 461 M N
o NS
£ r AN
— ~ &b
ff’ 4.2+ \\
g EXPTL. THEOR. CO, FLOWRATE <
S B cm3/sec N\
o o —_— 1.6 N a
381~ o —— 2.6 N
8 ~—== 5.2 h
1 ! 1 ] ] ] ] L ™
0 20 40 60 80
Time (s)

Fi1G 4 Carbonation of sodium hydroxide in a semi-batch toam bed reactor

phase reactant B, which goes on decreasing with time. This variation has also been
taken into account by dividing the time into small steps and modifying the value of
the rate constant after each step. In these studies an unexpected result was found.
While using sodium dodecyl sulphate as ihe surfactant, the conversion was found
to decrease as the foam height (and thereby the time of contact) increased. This could
also be spccessfully explained by the theory on the basis of reduced rates of mass
transfer for thinner films. For this reaction, the nature of surfactant had no effect
on the performance of the reactor. However, surfactants are known to adversely af-
fect the performance of foam bed reactors.® Asolekar er al.% have shown that the
effect of interfacial resistance on mass transfer increases as reaction becomes faster.
To account for that, the single stage model has recently been modified by incorporating
the interfacial resistance as a boundary condition.” The surface resistance values used
to test the model were obtained from literature where they had been measured by
independent experiments. The model was tested by using three different surfactants
viz, Teepol, Sodium dodecyl sulphate and Triton X-100. Teepol was found to have
a very significant effect. This work showed that the effect of surface resistance can
be reduced very significantly by proper choice of foaming surfactant.

As the foams have the capacity of uniformly distributing a third phase, these
reactors can be advantageously employed as three phase reactors. The third phase
can be catalyst particles, reacting solid particles or fine droplets of another immisci-
ble liquid.
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Oxidation of sodium sulphide in the presence of finely divided activated carbon
has been studied as a three phase reactor.® Here, the reaction not only takes place
in the bulk liquid, but also gets augmented at the catalyst surface. In this case, the
reaction in the storage section was also computed, but was found to be negligible.

A situation where the fine particles have to dissolve in the film and react with
the diffusing species has been analysed by Asolekar et a/.¢ They used carbonation
of a slurry of calcium hydroxide as the system. The single stage model was modified
by taking the dissolution of the particles and their consequent change in radius into
account. A typical comparison of their experimental results with their model is shown
in Fig. 5. This figure gives data pertaining to a set of four experiments. Each experi-
ment employed a different starting weight of caleium hydroxide. It is interesting that
for most part, all the runs follow the same line. This would indicate that for most
part, the storage is nearly saturated with B. Surfactants were also found to have ef-
fect on the conversion obtained in the reactor.

When the foam films are made up of emulsion instead of a homogenous liquid,
a further process of extraction also comes into operation. In this case the diffusing
gas reacts with the continuous phase of the film and simultaneously the dispersed
phase in the film extracts the gas from the environment. The dispersed phase reduces
the rate by occupying space which would have been otherwise available for the reac-
tion. Simultaneously however, it takes up the dissolved gas and releases it in the storage
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where it undergoes reaction. The overall effect is therefore the net result of two op-
posing tendencies. An analysis of such a reactor has recently been proposed,? where
both reaction and extraction (in well mixed droplets have been simultaneously con-
sidered in the film. A typical set of calculated results is shown in Fig. 6. This figure
shows the effect of the distribution coefficient the fractional absorption of the gas
by an emulsion film for four specific reaction velocities. It is seen that as the reaction
velocity constant increases, the effectiveness of the third phase to increase the overall
rate decreases. When the reaction is very fast, this phase can actually reduce the overall
rates, because it virtually acts as dead space. However, for slower reactions, the rate
of gas absorption is higher when the distribution coefficient is reasonably high, say
more than ten. The increase in volume fraction of the organic phase makes the above
effect more pronounced.

In ll the models described above the value of liquid hold-up is required and
its experimentally measured values were used to test the models. It is necessary to
have predictive inethods for these values, which can be done through the analysis

of foam drainage.

LiQuiD HoLD-UpP IN FOAM COLUMNS

Foam columns can operate in semi-batch, co-current, counter-current and refluxed
modes, In the semi-batch mode, the foam continuously forms at the foam-liquid in-
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terface and breaks at the foam-gas interface. The liquid thus released flows back
through the PBs into the pool. In the co-current mode the foam is continuously formed
and removed from the foam column. In the counter-current mode, the liquid is fed
at the top and moves counter to the foam, whereas in the refluxed mode, the foam
is removed at the top and broken, and a part of the resulting liquid is fed back at
the column top. The two commonly studied modes are the semi-batch and the co-
current modes.

In a foam column, there is a network of Plateau borders, through which the
liquid drains. The films inturn drain into the PBs. The PBs themselves may be mov-
ing as a part of the foam. To evaluate the liquid content of the foam as a function
of height and time, it is necessary to understand the flow through the single PB first
and then incorporate it in a general frame work where the roles of foam movement,
film drainage into the PBs and the flow through a network of PBs are simultaneous-
ly considered.

FLOW THROUGH A PLATEAU BORDER

A very interesting and fundamental feature of foam is that it has draining pipes (PBs)
which do not have rigid walls. Various models have been appearing in literature, with
most of them treating PBs as cylindrical rigid pipes. Hence, their success in predic-
ting liquid holdup values has been extremely limited. Only Leonard and Lemlich took
the surface viscosity into account and solved the problem numerically, thus making
it difficult to be used in actual foam drainage. They also did not present the average
velocity through the PB as a function of surface viscosity. A recent analysis of flow
through a PB'? idealises it as an equilateral triangle with its vertices having zero
velocity (Fig. 7). This shape simplifies the analysis significantly without introducing
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Fit: 7 Details of the idealised plateau border
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any drastic deviations from the real shape. Also, out of the whole triangle only the
part AOB need be considered for flow, because from this, the whole flow field can
be generalized through considerations of symmetry. The pertinent equation and the
boundary condition are given below.

a3’ 3?
S+ S5 =136, ...(16)
axy a3
h V:’ ) x' y )”
where v = , X = ey P = ——
Vinax I \[30 ! ' \![30 ’
1 ap a'?
and G-—2+£ 2 ..(17)
) B 97" Vi

Boundary conditions: The pertinent boundary conditions in dimensionless form are:
1

at X = ﬁ; n==5v=20; ...(18)
(zero velocity at the corner B)
at n=0 0=x-= —l—; RiE = 0. ..(19)
V3’7 ay

(Symmetry across line AQ)

1 9* _ 0
at X = —; 0=y =1.0: —: = V3 «a hdd ...{20)
V3 6y| 6X1
o« =2 .21
T

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

On the line y, = V3x;; 0 <y < 1.0

3 v v (22

ox;  ay
(Summary across the line OB)
At =0 yy=0 v=10 ++(23)

(From the definition of v)
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The results of this analysis are presented in Fig. 8, where a relationship between
the velocity 8, (ratio of average velocity through the PB when the surface viscosity
is finite to the average velocity when the surface viscosity is infinite) and the inverse
of dimensionless surface viscosity, « (defined by eq. 21) is shown graphically. It is
evident that for low value of surface viscosity, the average velocity through the mobile
PB can be as high as 40 times the average velocity through the corresponding rigid
PB. The figure also shows the limited experimental verification of the theory. The
curve of o versus 8 with K =6 is a general one, and for easy use in theories in foam
it is available as a polynomial in o.
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MECHANISM OF FOAM DRAINAGE

The drainage through foam occurs through a network of Plateau borders which are
collapsible. Their cross sectional area can be increased by increasing the flow rate
through them and vice versa. Further, the PBs are not randomly distributed as foam
has a specific structure. Some of the PBs may not be participating in the downward
flow, if their angle of inclination to horizontal is small. All the earlier models assume
that all the PBs participate in the drainage equally. However they predict liquid hold-
up values which are much higher than the experimentally obtained ones. Thus ar-
bitrary adjustable parameters have to be used or arbitrary changes in the experimen-
tally measured surface viscosity has to be made. Thus a different mechanism of foam
drainage has recently been proposed. This model assumes that each film having

zZ+ A2 —
Nearly Nearly
horizontal | vertical
Eilms Plateau Plateau
borders borders
z

FiG 9 A schematic representation of the proposed mechanism of drainage

mobile surface drains continuously into adjoining PBs and there is no flow through
the film by gravity. All PBs do not participate equally in drainage. The ones which
are nearly vertical contribute significantly to drainage, whereas those which are nearly
horizontal hardly contribute to drainage. Thus, the model considers that the nearly
vertical PBs can receive liquid from the film and the nearly horizontal PBs and drain
it due to gravity. The nearly horizontal PBs on the other hand receive liquid from
the films and drain it into the nearly vertical PBs. They themselves do not contribute
to the downward drainage. All the films and PBs are themselves moving because of
foam movement. The mechanism of drainage is schematically presented in Fig. 9.
Based on this idealisation and taking into account the structural parameters of the
foam, the following equations result for a column functioning in a semi-batch mode.
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dw
- —L ki =0,
dz
dw. 1 .
- —L 4 kW] - kW3 = 0,
dz 2
dw awsi ]
-2 bk - Wi+ kwd = 0,
dz dz 2
) €.
where W, = € , W, = .E‘Efi.‘ W, = ——‘PB
1-¢€r 1 -€7 1-¢€r
and €r = € + €ppg + Eypp.

...(24)

...(25)

...(26)

(27)

For a semibatch column, the upflow and the downflow are equal at any plane. Thus,

at z =0,

at

and

3

: "
pe Y, W, = 3.8867 Byrp, di w3,

i=1

...(28)

A typical comparison between the experimentally obtained hold-up profiles with
those obtained by theory is shown in Fig. 10. The agreement is good. The model
is also seen to predict the effect of liquid viscosity on hold-up profiles quite well.
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When the foam column is working in a co-current mode, the interest is to find
the exist foam density i.e., the liquid flow rate coming out of the column. This situa-
tion is different from the semi-batch case only in the sense that at a plane, the
downward and upward flows do not match. This situation has also been analysed.!
As there is no change in the basic processes taking place, the basic equations remain
the same as (24) to (26). However, the boundary conditions vary. These authors have
developed a new criterion for exit conditions. This criterion implies that the dimen-
sions of the nearly verticle PBs so adjust themselves that the net upward liquid flux
through them is maximised. The model is not only able to explain the results of the
authors but also of other investigators. Other modes of foam drainage, like counter-
current and reflux, have not yet been analysed. However, the drainage of static foam
can be easily analysed by solving the unsteady forms of equations (24) to (26).

GAS SEPARATION THROUGH FoAMs

The use of liquid membranes for gas separation was first demonstrated by Li,'2-13
who generated a foam of an equimolar mixture of methane and ethylene and passed
nitrogen as a carrier gas through it in a co-current fashion. He found that the ethylene
permeated faster into the carrier gas and was enriched to 84%. Since the foam can
be considered an agglomeration of liquid films, there has been a lot of interest in
measuring the permeabilities through single films. A typical procedure involves the
formation of a single film in a compartment with a different gas on each side of it.
and measuring the movement of this film. This experiment when conducted with
0O,-N; system shows that O, permeates faster than N,. However, when O, and N,
are separated by a slug of actual foam, the N, is found to permeate faster than
0,.'%14 To explain these very unexpected results, it is necessary to understand the
influence of the film movement on gas permeation through an agglomeration of films.
Upto this stage, the permeation through only two films has been analysed. The analysis
basically considers the diffusion through the gas phase and the influence of the film
movement, which was taken into account through boundary conditions based on jump
mass balances.'’ Though the two film results have been successfully analysed, it is
not clear whether such an approach would eventually be successful in explaining the
unexpected results on O, and N, permeation through a slug of foam.

CONCLUSIONS

QOne of the major areas where foams find extensive use is the petroleum recovery
from oil wells. This involves foam stability and flow of foam through pipes and porous
media. Our understanding of these problems is limited. A comprehensive analysis
of flow of foam through a pipe is not available. This is mainly due to the difficulty
of measuring rheological properties of foam and the formation of a thin layer of
liquid at the wall. Further, during the flow through porous media, the foam passes
in the form of films, the analysis for which is not available.

The stability of three dimensional foams is only qualitatively understood. Quan-
titative understanding is lacking. The foam film is supposed to rupture when its
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thickness becomes smaller than a critical value. In actual foams, the films are known
to break when their thickness is orders of magnitudes higher than this value. Thus
with present understanding it is not possible to quantitatively predict the foam stability.

Recently, liquid-liquid foams called ‘polyaphrons’ have been developed. These
remain stable for more than a year. The present quantitative understanding of these
novel foams is negligible. Foams therefore offer many interesting and challenging
problems for engineers to resolve.

Nomenclature

2a Thickness of a liguid film, cm.

dys 42, a4y

and q,, Halves of ‘2a’ in subsection 1, 2, 3 ... and m respectively, cm

a’ One third of the median of the equilateral triangle GEB, cm

Co Initial concentration of reactant A in gas phase, g. mole/cc

Cy Concentration of reactant 4 in liquid phase. g.mole/cc

C', Concentration of reactant A in gaseous phase. g.mole/cc

Cg Concentration of reactant B in liquid phase. g.mole/cc

Cgo Initial concentration of reactant B in liquid phase. g.mole/cc

Cp1,Cy,Cp, ¢ Concentrations of liquid phase reactant B at the ends of subsec-

. and Cg,, tions 1, 2, 3 ... and m respectively, g.mole/cc

Cy’ Concentration of reactant B in feed back liquid. g.mole/cc

Ce Exit concentration of unreacted gas, g.mole/cc

D, Diffusion coefficient of reactant A in liquid phase, cm?/s

G Dimensionless pressure drop

H Heignt of any subsection, cm

k Equilibrium distribution factor

K, Defined in eq. (6).

K,*, K;*, K;*: Constants.

/ Equals V,/12 ks, cm

m Number of subsections of foam layer

M Total amount of solute, both free to diffuse and immobilised
in half the liquid film of surface area s, at contact time 7,
g.mole

M,, M,, M,, : Amounts of reactant A absorbed in half the film at contact

and M, time #,, (fo+1ts), and (fo +o+la+..... -+ 1.m) respective-

ly, g.mole
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Total amount of reactant A, both free to diffuse and immobili-

sed in half the liquid film of surface area s after infinite time,

g.mole

Integer number 0,1,2.3
Pressure, dyne cm™2:
Defined in eq. (6)

Equals Q/V

Defined in the text.

Flow rates of liquid drained from subsections 1,2,3 and m

respectively, ce/sec
Flow rate of liquid entering the foam bed reactor, cc/sec
Flow rates of gas 'through the reactor column, cc¢/sec
Total flow rate of draining liquid, cc/sec
Average radius of a bubble, cm
Average radius of reactor column, cm
Surface area of a liquid film, cm?
Reaction time, sec
Contact time, sec
Contact time for any subsection m, sec
Dimensionless velecity in direction z’,
Velocity in the direction 7', cms/sec
Velocity in direction z’ at the origin, cms/sec
Storage volume, cc
Volumes in liquid films in subsection 1, 2, 3, ...

and m, respectively, cc

Volume of a bubble, cc

Dimensionless variables defined in the text.

Distance from centre of the liquid film, cm

Coordinate axis x’, cms.

Coordinate axis x|, cms.

Coordinate axis ', cms.

Dimensionless coordinate axis, y,

Stoichiometric factor, i.e., moles of liquid phase reactant B

consumed per mole of gaseous reactant A.
Distance from the foam liquid-pool interface, cm

Coordinate axis z°, cms.
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Greek Symbols:

a : Inverse of dimensionless surface viscosity

B : Dimensionless velocity coefficient defined in the text

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

€m : Average volume fraction of-liquid for subsection m

€F : Volume fraction of liquid films

€ upp : Volume fraction of liquid in nearly horizontal Plateau Borders

E VPB :  Volume fraction of liquid in nearly vertical Plateau Borders.

g T : Volume fraction of liquid defined by eq (27)

i : Pseudo first order kinetic rate constant, sec™!

I : Viscosity of the liquid gm/cm/sec.

B : Surface viscosity of the gas.liquid system, gm/sec
REFERENCES

J H Aubert, A M Kraynik and P B Rand Scient Am 254 (1986) 74-82

J Biswas and R Kumar Chem Engng Sci 36 (1981) 1547-1556

D Desai and R Kumar Chem Engng Sci 38 (1983) 1525-1534

A Bhaskarwar and R Kumar Chem Engng Sci 39 (1984) 1393-1399

P S Shah and R Mahalingam A I Ch E J 30 (1984) 924-934

S R Asolekar, D Desai, P K Deshpande and R Kumar Canad J chem Engng 63 (1985) 336-339
S R Asolekar, P K Deshpande and R Kumar 4/ChFJ/ 34 (1988) 150-154

J Biswas, S R Asolekar and R Kumar Canad J chem Engng 65 (1987) 462-469

A Bhaskarwar and R Kumar Chem Engng Sci 41 (1986) 399-404

A Bhaskarwar, R Kumar and K S Gandhi A I Ch EJ 33 (1987) 331-335

D Desai and R Kumar Chem Engng Sci 37 (1982) 1361-1370

D Desai and R Kumar Chem Engng Sci 39 (1984) 1559-1570

NNLi AIChEJ17(1971) 459-463

N N Li US Patent 3 (1972) 650-091

K Sujatha Gas permeation through foam films. M.Se. (Engg) Thesis, Indian Institute of Science,
Bangalore (1987)

K Sujatha, T R Das, R Kumar and K S Gandhi Chem Engng Sci 43 (1988) 1261-1268



