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The Measurement of Foam Stabili

By A. P. BrRapy' aAND SYDNEY Ross

A multiplicity of methods is in use for deter-
mining the foaming of liquids, aqueous and non-
aqueous. In general, they were developed to
provide an answer to specific problems encoun-
tered in industrial practice, and they have not
been completely correlated or analyzed.

The present paper is an attempt to show how
far the stability of foams may be determined,
independent of the particular method of meas-
urement. The theory of foam measurement is
analyzed, and the factors are estimated which
operate to make one foam differ from another.

It will be shown that to a very great extent all
the methods of foam measurement yield similar
information as to the factors involved. In a few
cases the characteristics of the foam may depend
upon its mode of formation. For example, in
certain non-aqueous foams formed by reducing the
pressure, the froths initially formed are stable
until they are stretched too far by further evacua-
tion, whereupon they collapse. Certain foams in
which the foaming agent produces a surface film of
high viscosity likewise need further study.

The writers have been engaged in the study of a
foaming problem sponsored and supported by the
National Advisory Committee for Aeronautics at
Stanford University and supervised by Professor
J. W. McBain, and they have made use of the ex-
tensive experience obtained during those investi-
gations as well as of the data of prevxous publica-
tions and the literature.

Part I

Data for Different Types of Foams.—Foams
may be very different according to the manner in
which they are formed. They may be made very
wet, as by incomplete beating, or by putting in
insufficient gas, or they may be dried by further
input of gas or by stretching or by drainage;
they may be studied at any of these stages.
Aleinikov'® introduced the somewhat arbitrary
distinction, which designates as dynamic methods
those in which observations are made during for-
mation of the foam, and as static methods those
in which the foam is formed before observations
are begun.

In 1936 Bikerman? proposed a unit of foaminess
for wet dynamic foams, and again in 1941 es-
senttially the same unit was proposed by Hoffmann
and Peters.® This unit cannot have the general
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significance ascribed to it by Bikerman, 4. e., the
average lifetime of a bubble in the foam; it does,
however, measure the average time that gas re-
mains entrained in the foam. Generalizing the
concept to apply to all types of foam measure-
inent, Ross* proposed the units L, and Lg, meas-
uring respectively the average lifetimes in minutes
of liquid and gas in the foam.

lo
L] = l/lof tdl
0
80
LB = lz’gof tdg
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where g and ] refer to the volumes of gas aud
liquid at time ¢, the original volumes being go and /.
For example, if drainage of liquid were strictly
linear with time, the liquid would all be gone at
2L,.

In the case of dynamic foains Lg is measured
by the methods described by Bikerman? and Hoff-
maun and Peters?; for static foams both L; and L,
cainl be measured either by graphical or analytical
methods. It is frequently desired, if possible, to
express foam stability as a single number for the
purpose of comparing members of a series of
samples. A direct comparison of foam stabilities
may be made by use of the concept L; the average
lifetime of the foam in minutes.
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where f is the total volume of foam (f = [ + g) at
time ¢ and T is the time for total collapse of the
foam. This unit is related to L, and Lg by the
introduction of another concept, the relative
foam density, defined as

=lf=l0l+e (4)
L; can then be calculated from the equation
Ly = Lg + do(Ls — Lg) or (g0 + bo)Lt = geLg + kL1 (5)
where d, is the initial foam density. Equation (5)
is readily derived from equations (3) and (4).
L; is always intermediate in value between Lg
and Ll.

The resolution of a single value of L; into two
values, Ly and L, provides more detailed infor-
mation concerning the nature of the foam. The
concurrent phenomena of drainage and film rup-
ture occur during the existence of every foam.

(4) S. Ross, J. Phys. Chem., 47, 266 (1943).
(4a) 1t is frequently more convenient in practice to express these
integrals in an equivalent form. Since the curves terminate on both
lo T
axes, then tdl =
0

(1)43

@

Idt, where T = time for total collapse of

the foam.
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Some idea of their relative importance in the case
of any foam is obtained by a comparison of the
values L; and L,. If drainage is a more pro-
nounced factor than filin rupture, as is normally
the case with a freshly formed and therefore wet
foam, then liquid is removed from the foam at a
faster rate than gas is liberated. Consequently
L, will be greater than L,. If, on the other hand,
film rupture or coalescence of bubbles at the ex-
posed surface of the foam takes place before drain-
age of the underlying films has had time to assert
itself, then the gas is liberated from the foam more
rapidly than the liquid. This happens frequently
in the presence of an antifoaming agent, capahle of
destroying relatively thick films before they have
time to drain. Here L; is smaller than L;. It is
consequently extremely informative in the case
of any single foam to have values of both L; and
L,;. Some advantages of employing these units
will be demonstrated later.

Methods of Measurement.—Methods of meas-
uring foam have already received extensive dis-
cussion.® In general the nature of the substance
being investigated determines the manner in
which the foam is best produced, liquids of slight
foam forming ability requiring more vigorous
treatment, such as whipping. Bubbling a gas
through the liquid is a milder treatment, better
suited for liquids of greater foam-forming ability
but with certain liquids it may produce a much
larger volume of foam.

Many of the present experiments were done on
hydrocarbon oils, liquids of relatively slight foami-
ness. Both beating and bubbling were used to
obtain foams at room temperature, the latter
technique also being extended to production of
foams at elevated temperatures. Fig. 1 is a sche-
matic diagram of a ‘“‘static’’ foam meter in which
the foam is created by bubbling gas through the
liquid. In the laboratory three foam meters of
this type were constructed, differing in the di-
mensions of the apparatus as well as in the type
and porosity of the gas dispersing bubbler. The
“static’’ apparatus is similar to many ‘‘dynamic”
foam meters that have been described pre-
viously,2.878 but with the addition of a glass
jacket enclosing the vertical foam cylinder. This
jacket terminates in a bulb at one end and has a
reflux condenser attached to the other. Liquids
of suitable boiling point are heated in the bulb
and the vapors are condensed and refluxed, pro-
viding a constant elevated temperature in the foam
cylinder. The following liquids are used to pro-
vide a temperature range from 46 to 117°: car-
bon disulfide, 46°; acetone, 56°; methyl alcohol,
65°; 95%, ethyl alcohol, 78°; water, 100°; and
n-butyl alcohol, 117°.

The amount of sample taken depends on the
dimensions of the foam cylinder, enough being

(5) S. Ross, Ind. Eng. Chem., Anal, Ed., 18, 329 (1943).

(6) E. L. Lederer, Seifensieder-Ztg., 68, 331 11936).

(7) C.W. Forlkand J. N. Miller, Ind. Eng. Chem., 28, 1283 (1931).
(8) G. L. Clark and S. Ross, ibid., 83, 1594 (1940).
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taken to cover the porous bubbler but not enough
to prevent all the liquid from being brought into
the foam. Although values of L; and L; depend
both on the amount of liquid originally present
in the foam and on the dimensions of the appara-
tus, it will be shown later that a conversion can
be effected into a value independent both of the
initial volume of liquid used and the dimensions
of the apparatus.

TO GASOMETER

1\

FRITTED GLASS L1IQUID TO
BUBBLER BE TESTED

LIQUID FOR
VAPOR BATH

Fig. 1.—Bubbler type foam meter.

Nitrogen gas flowing at a constant pressure
(and previously dried over calcium chloride for
use with non-aqueous liquids), is introduced
through a porous ceramic bubbler or through a
sintered glass membrane. The bubbling is con-
tinued for about five minutes after all the liquid
is in the form of a froth. The effect of variations
in the rate of flow of the nitrogen gas was investi-
gated, measuring the rate at which gas is displaced
by the foam to obtain the rate of gas input. Any
rate of gas flow within the limits where produc-
tion of a suitable amount of homogeneous foam
is possible yields results that are reproducible
and in agreement. Thus, for example, rates
of flow of 15 cc./minute and 75 cc./minute are
not too far apart for concordant results. After
some experience it is no longer deemed necessary
to measure the rate of gas flow for each experi-
ment; a constant pressure device keeps auto-
matically the rate of flow well within the proper
limits for reproducibility. After a homogeneous
foam is obtained, the nitrogen is shut off and the
foam/air and foam/liquid interfaces recorded as
drainage and collapse proceed.

The production of foam by means of beating is
also used. Two hundred grams of the liquid is
stirred at the top speed of a Sunbeam Mixmaster
for three minutes and then poured quickly into a
500 ml. graduated cylinder. The collapse of the
foam is observed at suitable intervals just as in
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TABLE I
FoAM STABILITIES (AVERAGE LIFETIMES IN MINUTES OF Foam, Liguip AND GAS, RESPECTIVELY, IN THE FOAM) OF
HyDROCARBON OILS AT DIFFERENT TEMPERATURES BY BUBBLING METHOD

Temp., 0il A 0il B oil C
°C. Lt L Lg L¢ Lg L Ly Ly
26 20.5 18.3 32
46 - 16.5 9.8 17. 1.92.3
56 6.9 5.3 7.2 10.0 6.4 10.5 4.04.0
64.5
78 2.9 2.3 3.0 3.2 2.3 3.4 2,020

100 1.10 0.8 1.15 1.7 1.25 1.8 1.01.0
117 0.8 0.8 1.1

the bubbling method. This method was em-
ployed only at room temperature, 26°. In some
cases, beating cuts down a previously formed
voluminous foam to a much smaller value, equal
to that produced by direct beating of the same
liquid. Hence volume of foam and foam stability
are not always directly related gantities.

In every case of a static foam where values of
L, Ly and L, are desired, it is necessary to ob-
serve the variation with time of the foam-liquid
and the foam-gas interface. To obtain L, the
volume of gas in the foam is plotted against the
time; the area under the resulting curve is ob-
tained by graphical methods. To obtain L; the
same procedure is followed, using the volume of
liquid in the foam. By this method it is not neces-
sary to know the mathematical equation that ex-
presses either drainage or rupture of the films.
In some cases however it is observed that a linear
or an exponential relation holds and the integra-
tion can be readily performed mathematically
without the necessity of taking many data or
plotting the experimental points. In any case
where drainage or film rupture is linear with time
the value of I, or Lg is, of course, one half of the
intercept on the time axis.

Materials

The most extensive experiments here reported
were conducted on six hydrocarbon oils. Oils A,
B and C are SAE 60 engine lubricating oils of
different origin. They are selected as different
types from a larger body of experiments; oils A
and B are examples of those oils most commonly
encountered and oil C is one of a smaller group
exhibiting different foaming behavior. White
oils 1, 2 and 3 are medicinal grade paraffin oils of
different origin. Measured in Saybolt seconds the
viscosities of the latter are, respectively, 166, 106
and 59 at 130°F. (54.4°C.).

Experiments were also conducted on a 2%,
solution of ‘“Aerosol OT” (sodium diisooctyl
sulfosuccinate) in triethanolamine, as an example
of a non-aqueous foaming system. A few experi-
ments on beer, as an example of an aqueous foam-
ing system, are also included.

Results

Table I gives the values of L;, L; and L, for all
the samples selected both at room and at elevated

White Oil 1 White Qil 2 White Oil 3
Lg Lt L Lg Lt Ly Lg Ly Ly Lg
6.8 5.7 7.1 4.0 3.9 4.1 1.00.95 1.0
1.8 1.14 1.06 1.16 0.3 .3 0.3
4.0 1.2 1.051.2 0.66 0.61 0.67
.39 .29 .43
2.0 0.47
1.0
TaBLg II

A. FoaM StTaBILITY OF ENGINE LUBRICATING OILS AT 26°
BY BEATING METHOD

Lt L Lg
Oil A 64.1 45.2 79.2
0il B 85.9 58.9 103.6
0il C 28.4 29.7 27.3
B. Foam StaBILITY OF OTHER SYSTEMS BY BUBBLING
METHOD
‘I'emp.,
System °C. Ly L Lg
2% Aerosol OT solution
in triethanolamine 100 87.6 85.6 88.8
Beer 25 4 30

temperatures, using the bubbling apparatus.
Table II gives Li, Ly and L, for oils A, B and C
by the beating method, and for 29, Aerosol OT
in triethanolamine at 100° and beer at 25° by
the bubbling method. When values of L; are
below about 0.3 minute the bubbling foam meter
is no longer suitable for taking measurements.
For this reason the white oils are investigated only
in the lower temperature range.

The data, from which those diagrams and other
results quoted in this paper are obtained, are
available as a Bibliofilm Supplement.® These data
are only part of a much more extensive series of
experiments, the results of which are further drawn
upon in Figs. 5 and 6. It is not considered neces-
sary, however, to make all the data available in
extenso.

Discussion

Figures 2, 3 and 4 are typical decay curves for
both the gas and the liquid in the foam. Figure 2
is from data obtained by the bubbling method.
The rate of escape of gas from the foam is linear
over a large portion of the curve. This has been
found to be the case in a large number of experi-
ments with different oils, especially at the higher
temperatures. Figure 3, on the other hand, repre-
senting the decay curves for the same oil by the
beating method, shows an initial period of very
slow gas escape before. the linear portion of the
curve appears. Foams obtained by beating as
specified in the method are very much denser than

(9) This supplement can be obtained as an American Documenta-
tion Institute Document from American Documentation Institute,

Science Service Building, 1719 G Street, N.W., Washington, D. C..
remitting $0.50 for microfilm or 80.50 for photoprints.
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Fig. 2.—Decay curves for oil A at 26°, bubbling method:
(a) decay curve for gas in foam; (b) decay curve for liquid
in foam.

those obtained by bubbling, the air being en-
trained in the excess liquid in the form of an
“emulsion.” The initial flatter portion of the
curve may therefore be attributed to an initial
drainage or ‘‘creaming” of the fine air bubbles
before any appreciable film rupture can take place.
Figure 4, representing the decay curves for a 29,
solution of Aerosol OT in triethanolamine at 100°
by the bubbling method, illustrates a case where
rupture of the films begins at once; the decay
curves are not linear but concave. The values of
Lg, Ly and L, are very closely alike.

250 |

—
A
o
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Y 5

0 50 100 150

Time in minutes.

Fig. 3.---Decay curves for oil A at 26°, beating method:
(a) gas in foam; (b) liquid in foam.
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Fig. 4.—Decay curves for 2%, Aerosol OT in trietha-
nolamine at 100°, bubbling method: (a) gas in foam;
(h) liquid in foam.

A comparison of L, and Lg values is frequently
informative concerning the nature of the foam
that has been observed. For example, in the case
of the 29%, solution of Aerosol OT in triethanol-
amine at 100°, gas and liquid in this foam are
present, on the average, for equal periods of time.

Another example is the behavior of Oil C which
has considerably lower values of L; and L, at
lower temperatures when compared with the other
oils of the same viscosity. It is noteworthy that
between 46 and 56° there is a sharp break in the
foaming characteristics of Oil C, and the foam
stability imcreases in that temperature range.
Also unlike the other oils the value of L, is greater
than the value of Lg below 56°. This case illus-
trates the presence of an antifoaming agent that
makes the liquid films less stable and allows the
gas to escape more rapidly. As relatively thick
films are breaking, larger amounts of liquid are
still present in the foam when the rupture of the
films takes place. Apparently the agent is no
longer operative above about 50°. Above 56°
the values of L and L; approach each other and
also become more nearly like the other oils. A
phenomenon of another nature is shown by the
other oils and to an even more marked extent by
the foam obtained from beer. Here the values of
Lg are all greater than those of L;, by several
fold in the case of beer. This is to be interpreted
as drainage in the films to very thin laminae be-
fore ultimate rupture takes place the gas being
held in the foam for a long period of time while
most of the liquid drains away.

Part II. Further Analysis of the Factors in
Characterizing Foam Stability

Preliminary Mathematical Formulation.—It
has proved a useful concept that many liquid
films attenuate by draining out of liquid to a
critical thickness at which they are no longer ca-
pable of stable existence. Incases where spontane-
ous film rupture takes place it is difficult to find
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any other mechanism. An approximate theoret-
ical derivation of L; and Lg; can be obtained by
employing this idea. The application of Poi-
seuille’s law to the drainage of liquid from be-
tween vertical immobile planes results in the equa-
tion for the volume rate of drainage of liquid in
the film.

—dl/dt = bGs% /127 (6)
where b = horizontal dimension (large compared
to 8); & = thickness of film; p = density of liquid;
G = gravitational constant; 7 = viscosity of
liquid; and ! = volume of liquid in the film.

10} +

T FS
— . e
.§' § 85 o
= //
5 .82 y
& g gt }’u
= g g
g')og +,7
g 4r 13

= ’
5 o= 2
< 2¢ &

o6
6‘ 1 1 i K| L
50 100 150 200 250

Kinematic viscosity, centistokes.
Fig. 5.—Average life of liquid in foam vs. kinematic vis-
cosity: [, white oil 1; @, white oil 2; O, white 0il 3; X,
Iub. oil A; +, lub. 0il B; 4,1ub. oil D; W, lub. oil E.

If the thinning remains of constant vertical
and horizontal dimensions, ¢ and b, during drain-
age

! = abs (7)
di/dt = eb(ds/de) (8)

Substituting equations (7) and (8)-in (6)
—dl/dt = Gl*/(129b%%) (9)

The idea of limiting dimensions of the liquid
film is now introduced to terminate the existence
of the film after a time 7. At time 7 the limiting
volume of liquid in the film, /1, is the lower limit
for the integration to obtain I, for this film.

- 1/zoﬁ°:d1 = ‘l/loj;Tldt 12”’“’ (1/lr — 1/k)
. (10)

a and recalling that /, =

Expressing It/l, =
abd,, then
L = (121a/pG5)(1 — a)/a e

If the liquid film is part of an idealized foam
then its final collapse, after a time 7, will release
the volume of gas enclosed. Therefore Lg T.
By integration of equation (4) to obtain T the
time for total collapse

1~ a 1
L. 905’ ( ) (12
L/L; = 20‘/(1 + a) (13)

(10) These equations can also be obtained by integration of equa-
on (11) of ref. 4.
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Equations (11) and (12) above, although highly
idealized, are nevertheless of value in their indica-
tion of the influence of various factors on the foam
stability. The influences of gravity and density
are immediately obvious even without the mathe-
matical formulation. The influence of viscosity
requires more extended mention.

The Linear Influence of Viscosity on the Life
of Foam.—Speculations on the influence of vis-
cosity on foam stabﬂxty are frequent in the
literature although the present authors are not
aware of any extensive experimental results
Equations (11) and (12) predicate a linear rela-
tion between foam stability and viscosity, all
other factors being constant.

In order to demonstrate experimentally the
linear relation, the kinematic viscosity of lubri-
cating and white oils was determined throughout a
temperature range of 26 to 117° by means of a
Saybolt Universal Viscometer. Conversion of the
results from Saybolt Seconds to centistokes was
made following ASTM Tables D446-39. In Fig.
5 values of L; at different temperatures, deter-
mined by the bubbler method, are plotted against
the corresponding viscosity. Oil C is omitted
from the figure because of its abnormal character.
From Fig. 5 it is evident that the viscosity is the
primary factor influencing the life of the liquid
in the foam for these homologous substances, since
all points lie within a few per cent. of the dotted
line, although definite secondary tendencies are
noticeable. These secondary tendencies are more
pronounced in the variation of Ly with viscosity
as shown in Fig. 6. In this case the oils fall into
groups; oil B forms the most stable foams, oils
A and D fall in an intermediate classification and
another oil E and the white oils form the least
stable foams. As is the case with L;, within each
group the viscosity bears a linear relation to L.

Further confirmation of the linear relation of
viscosity and foaminess is found in an aqueous
system. The data of Helm!! on the foam stability
of beer at different temperatures have been recal-
culated by Ross and Clark.!? The unit designated
2 in that paper is in this case equal to L. A
comparison is made with the viscosity of water at
corresponding temperatures in Table III. The
ratio of L) to 5 is constant within the limits of
accuracy of the data.

TaBLE IIT

THE EFFECT OF VISCOSITY ON THE AVERAGE LIFE OF
Liguip 1y THE Foam, Lj, FOrR PASTEURIZED BEER

Viscosity of water
at corresponding

Temp., Liin temperature,® Ratio
°C. minutes centipoises Ly/n
10 4.1 1.31 3.1
15 3.6 1.145 3.1
20 3.35 1.01 3.3

e “International Critical Tables,” 5, 10 (1939).

(11) E. Helm, Wochkschr, Brau., 80, 241 (1933).
(12) S. Ross and G. L. Clark, Wallerstein Labs.
Practice Brewing, No. 6, 46 (1939).

Commun. Sci.
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Foam Density.—In Fig. 6 the splitting of the
oils into definite groups is evidence that a factor
other than viscosity is also serving to influence
the foam stability. The possible factors that re-
main, according to equations 11 and 12, are b,
the foam height (corresponding to @), &, the initial
film thickness; and «, the ratio of the final to
initial amounts of liquid in the foam. The first
factor, though important when comparing dif-
ferent methods of foam measurement, is in this
case relatively minor; if it is taken into account
the curves of Figure 6 are more nearly straight
lines, the difference in slope not materially altered.
The second factor is a function of the initial foam
density and bubble size which are approximately
equal for all the foams of Figs. 5 and 6, thus
eliminating this factor. The influence of «, the
effect of drainage of the foam, is therefore clearly
indicated, oil B having the lowest value of a, oils
A and D an intermediate value and oil E and the
white oils the highest value. From equations 11
and 12 it can be seen that although changes in «
would be reflected in the values of L; as well as
L,, it exercises a greater influence on the latter
- value, as it enters in a higher power. This is in
accord with the greater differentiation of the oils
that is afforded by the use of L, in Fig. 6, com-
pared to the use of L in Fig. 5.

18-. +
167
14 r

12+

| *//

Average life of gas in foam, minutes.

X I 1 L

0 &0 100 150 200 250
Kinematic viscosity, centistokes.

Fig. 6.—Average life of gas in foam vs. kinematic vis-
cosity: 0, white oil 1; @, white oil 2; O, white oil 3; X.
lub. oil A; +, lub. 0il B; A, lub. oil D; B, lub. oil E.

The quantity « is a monotonic function of the
foam density at which the films become unstable.
During the collapse of any real foam the foam
density varies from the top to bottom and also in
general with the time as drainage and film rupture
proceed. At any given time the average relative
foam density throughout the foam column is de-
fined by equation 4, d = /(I + g). 1If d is plotted
against the volume of liquid in the foam, /, and
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extrapolated to zero volume, the value obtained,
dt, may be regarded as the final density at which
the last remaining films break and hence equal to
that relative foam density at which the films be-
come unstable. The quantity dr is therefore re-
lated to «; however, the presence of Gibbs
“angles” makes this relation more complex than
the simple proportionality calculable fromn the
definition of & in the idealized case of a single ver-
tical film.

Relative foam density
o o o
o o &
T Xﬂl T
\_ \a

I

=3

St
T

1.0 2.0 30 40 50 6.0
Volume of liquid in foam (arbitrary units).

Fig. 7.—Relative foam density »s. volume of liquid in
foam at 56°: [, white oil 1; @, white 0il 2; O, white oil 3;
X, lub. oil A; +, lub. oil B.

Figure 7 shows typical curves for the variation
of d with ! for the oils A and B and the white oils
1, 2 and 3, using the bubbler method. Values
of dr obtained by extrapolation of these curves
are in Table IV. For comparison, values of dr
in oils A, B, D and E, from the data obtained by
the beating method, are also included. The pre-
diction from the curves of Fig. 6 that the values of
L, and consequently dr for all the oils would fall
into three groups is borne out by the data in
Table IV; oil B lowest, oils A and D an inter-
mediate value and E and the white oils the highest
value. Values of dr are also observed to be inde-
pendent of temperature and the same for both
beating and bubbling methods. The probability
of the existence of a limiting film thickness ér is
greatly enhanced by these results.

TaBLE IV

VALUES oF LiMITING FoaM DENSITY dr AT DIFFERENT
TEMPERATURES FOR THE OILS OF FIGURE 6

0Oil 26°@ 46° 56° 78° 100°
A 0.08 0.07 0.08 0.07
B .06 0.02 .03 .05 .05
D .08 .05 .07 .08 .07
E . .2 .12 13 .13
White Oil 1 .13 .13
White Oil 2 .12 .13
White Oil 3 .12

@ Values in this column from data obtained by beating
method; the other temperatures, by bubbling method.

Figure 8 shows the d-1 curve for oil C, from
the data obtained by beating and bubbling meth-
ods. By both methods the same phenomenon is
observed; a pronounced hump in the curve, due
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Volume of liquid in foam (arbitrary units).

Fig. 8.—Variation of foam density with volume of liquid
in foam for oil C at 26°.

to such a rapid collapse of the top films at the
beginning that the amount of underlying liquid is
greatly increased relative to the remaining amount
of enclosed gas.

Influence of the Height of the Foam Column
and Generalization of L,.—Before investigating
the influence of the factor a, in equations 11 and
12, it will be advantageous to set up a slightly
more sophisticated model for a foam. If the
foam column is regarded as a series of vertical
films of height A, then equation 12 can be ap-
plied to obtain the time required for the top film
to rupture; if the initial film thickness is § and
the limiting film thickness is ér

b = (614 /Gp)(1/8% — 1/83) (14)

After the top film has broken and the liquid of
which it was composed is deposited on the under-
lying film, the new film exposed will drain and rup-
ture in a time £;; and each successive film exposed
thereafter will require the same time to rupture.
An exaggerated collapse curve for such a foam is
shown diagrammatically in Fig. 9. From equa-
tion (14) the expression for ¢, may be derived

_ 604 (gﬂ -1
* 7 Goar® 32

2 (15

where
8 = (b1 + &)/t (16)

and §; is the thickness of the penultimate film at
the time of collapse of the top or ultimate film.
8 should have the value of 2 or greater. From the
geometry of Fig. 9

1 Lo 1
Ly =4 +§(T —t) = .3'(7 + ) = b+ 3 (t2/ Ao
(17)

where ko is the initial foam height and # is the
elapsed time before appreciable breakage of foam

begins. Substituting equations (14) and (15)
in equation (17)
~Omd (1l 1Y, Bnko (87— 1
L = Gp \orz 5? Gpdr? B2 (18

tion is negligible; for a given liquid 8 is a constant;
hence equation (18) may be written

Lg/vhe = KO (19)

where v = 7/p, the kinematic viscosity, and 0 is a
complex function of the limiting foam density and
K is a numerical constant.

To test the relation some account must be
taken of the different nature of the foam produced
by different methods. It can be seen from Fig. 3
that a fine dispersion of air in the liquid by whip-
ping produces a foam that requires some time, #,
tor draining of liquid or '‘creaming” of air before
rupture of the films can take place to any extent.
The application of equation (19) requires the
determination of f—the idealized ‘‘creaming”
time. In any actual foam no sharp discontinuity
occurs at # since usually a small amount of film
rupture takes place even during the initial ‘‘cream-
ing” period. The real curves are therefore ideal-
ized, as illustrated by the dotted lines of Fig. 3.
A re-definition as L,’, based only on the idealized
curve starting at /4, is necessary if the data are to
be used in equation (19). When the foam is pro-
duced in the bubbling type of foam meter, there
is no period of ‘‘creamung’’ for the foams here
investigated. Consequently idealization and re-
calculation of these data are not required.

A comparison of the values of Lg/vk, and
L' /vh, for oils A and B, using different types of
foam meter is given in Table V. The agreement
in the values obtained justifies the procedure for
the idealizing of the experimental curve in the
case of the beating type foam meter.

Data at different temperatures are also included
in Table V. Since it has already been shown
experimentally that dr is independent of the tem-
perature, an experimental test of equation (19)
would be to obtain Lg/vh also independent of tem-
perature for any given substance. This is indeed
shown to be the case in the last column of Table
V. Thus the average life of the gas in the foam,
L,, is proportional to the kinematic viscosity and
to the height of the foam column. The propor-
tionality constant is independent of temperature,
the dimensions of the apparatus and the amount
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of liquid charged, and is the same whether a
beating or a bubbling method is used.

For comparison, some values of Lg/v are in-
cluded in Table V. They are found to be approxi-
mately constant only for a given apparatus con-
taining a fixed amount of oil (%, nearly unchanged).

TABLE V
Temp.. v, Ly, ho, Lg/v Lg/vke
I'est method °C. c.s. min. cm. X 100 X 108
0il A
Beating (46 mm. tube) 26 1085  50.5 28.6 1.62
Buhbling (18 mm. tube) 26 1085 33  19.3 30.2 1.57
Bubbling (18 mm. tube) 56 145 7.2 31.3 49.6 1.59
Bubbling (18 mm. tube) 78 55 3.0 32.8 54.5 1.64
Bubbling (18 mm. tube) 100 26 1.2 30 46 1,54
Bubbling (18 mm. tube) 100 26 1.75 45 1.50
Bubbling (28 mm. tube)® 100 26 2.0 48 1.57
’ 0il B

Beating (46 mm. tube) 26
Bubbling (18 mm. tube) 46 227
Bubbling (18 mm. tube) 56 145
Bubbling (18 mm. tube) 64.
Bubbling (18 mm. tube) 78 55
Bubbling (18 mm. tube) 100 26
Bubbling (28 mm. tube) 100 26
Buhbbling (18 mm. tube) 117 15.3

s A larger charge of oil in meter.

Bubble Size.—The constancy of Lg/vh, can be
expected to be maintained only if the character
of the foam does not radically change with tem-
perature and the bubble size is constant; since
although equation (19) does not contain bubble
size explicitly, it is usually a factor in the limiting
foam density dr. The criterion for constancy of
Lg/vhy according to equation (19) is constancy of
dr. An illustration of the influence of the limiting
relative foam density is provided by an experiment
with Oil B where dt increased to 0.10 on very rapid
bubbling at low temperature (as compared to 0.05
in most experiments) because coalescence on the
sintered glass bubbler led to larger bubbles. In
this case L,/vho was 1.0, instead of the mean value
2.0 in Table V.

The effect of bubble size on the average life of
.the gas in the foam has been investigated by
Hoffmann and Peters® for their dynamic foams.
Analysis of their data reveals that L; was pro-
portional to the —0.86 power of the bubble diam-
eter.

Another influence of bubble size on foam
stability is illustrated when stable bubbles are
stretched by gradually reducing the pressure on
evacuation; after a certain point they become
unstable and rapidly break.

Dynamic Foams.—The dynamic foam methods
of Bikerman? and Hoffmann and Peters?® rely on
the existence of a dynamic equilibrium between
rates of formation of the foam and its rate of
collapse at the top. The unit of foaminess, desig-
nated £ by Bikerman and r by Hoffmann and
Peters is given by the equation

= h/u (20)
where £ = dynamic height of the foam; u =
linear velocity of the gas in the foam.

s
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Hoffmann and Peters observed the same wet
foam both by dynamic and static methods, by
shutting off the gas supply after the dynamic foam
height had been observed and allowing the foam to
collapse without further disturbance. Extrapola-
tion of the initial linear rate of collapse to the time
axis yielded an intercept numerically equal to
Zor 7. This is the case because at equilibrium the
rate of collapse of the foam is equal to the rate
of gas flow, u, hence the intercept on the time axis
is h/u which is equal to = by equation (20). It
may be noted that in this case L;" is !/,Z. - The
relation between static and dynamic methods and
between Z and L;’ is shown in Fig. 10. The fac-
tor /4 arises because in the static measurement the
lifetime of the bubbles is taken as starting when
the gas is shut off, although they have already
been in existence at that instant for an average
time of !/,Z.
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Fig. 10.—Comparison of average life of gas in dynamic and
static foams.

In the dynamic method, if the rate of gas input
is tripled, for example, the value of % is also
tripled, maintaining the same value of Z and of L,.
However, an application of Equation (19), in the
same way as was done in the last column of Table
V, gives values of Ly/vh which are no longer con-
stant, since Lg/h = %/2. Some fundamental dif-
ference clearly exists between the foams of Table
V, which are uniform and homogeneous, and the
wet foams derived from a dynamic bubbler such
as used by Bikerman and Hoffmann and Peters.
In the former case all the liquid is turned into the
foam and the height of the foam is independent
of the rate of gas flow, while in the latter case
special precautions are taken to ensure that not
all the liquid is converted into the foam, so that
the foam height ¢s proportional to the rate of flow.
The foams treated in Table V are therefore ini-
tially of uniform film thickness while those dis-
cussed by Hoffmann and Peters have a gradient of
foam density throughout the column at the start
of the experiment. This gradient is determined by
the rate of gas flow. In equation (18) the foam
density gradient, denoted by its function 3 (see
equation 16), while rightly taken as constant for
the foams of Table V, cannot be so taken for the
non-uniform, inhomogeneous foams discussed by
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Hoffmann and Peters. In those latter foams the
foam density gradient can be calculated by means
of equation (15), since A/ty = # and Lg remains
constant.

The relation between = and L, has been tested
experimnentally. Previous attempts to find an
experimental relation between dynamic and static
methods have failed® because comparable units
were not employed. The present analysis makes
it clear that in the earlier work 2 (dynamic) was
compared to L, (static) with which it does not
necessarily bear any correspondence. In Table
VI values of L, (static) are compared with 2
(dynamic), the latter values being obtained from
a dynamic foam meter with a capillary bubbler.
As pointed out above, the absolute values of the
two units cannot be expected to be the same
since the foams are not the same, but it can be
seen from the last column in the table that the

TaBLE VI

COMPARISON OF RESULTS OBTAINED BY DYNAMIC AND
StaTic METHODS

Liguid Value of unit in

used Unit c.g.s. at 25° Ratio
White Oil 1 /v 6.3 X 10?2 1.1
Oil A 5.8 X 1072
White Oil 1 Lg/vho 1.56 X 10—3 1.0
Oil A 1.57 X 1073

GEORGE JURA AND WILLIAM D. HArxkINg
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ratio of the foam stability of the lubricating oil
to that of the white oil is comparable in the two
systems.

Summary

I. A foam meter for the measurement of foam
stabilities at different temperatures is described,
employing bubbling as the method of producing
the foam.

2. Foam stabilities of several types of mate-
rials are measured and reported.

3. The static foam units L;, L, and L; are
shown to be applicable to different types of ma-
terial and very different methods of foam measure-
ment.

4. An analysis is made of the various factors
that operate in influencing values of Ls, L) and L,
and the resulting mathematical equations tested
by the experimental data here reported.

5. The unit Ly can be converted into a func-
tion that expresses the static foam stability of a
liquid. For foams of the same character, this
function is independent of temperature, viscosity,
amount of liquid sample taken, method of pro-
ducing foam and dimensions of the apparatus.

6. The relation between dynamic and static
methods of foam measurement is pointed out.
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Surfaces of Solids. XI. Determination of the Decrease (r) of Free Surface Energy
of a Solid by an Adsorbed Film

By GEORGE JURA aND WiLLiaM D. HARKINS

I. Introduction

The most important effect of the adsorption of

a vapor upon a solid is the decrease (m) of free

surface energy which accompanies the adsorp-

tion. This quantity is, by definition, the film

pressure. The value of = is given by the equation
7r='Yg—'st='Yg—'Y (1)

in which s is the free surface energy of the clean
surface of a solid, and s, is the same quantity
when the surface is covered by a film. In the
more general form of the equation v, represents
the free surface energy of any clean surface, and v
that of the surface covered by a film. The free
surface energy is the same quantity as the surface
tension, which in the case of a liquid may be de-
termined directly, whereas with a solid some other
type of experimental method needs to be em-
ployed. For this purpose a relationship between
the reduction of the free surface energy and some
other thermodynamic quantity must be estab-
lished, and in the case of a solid the simplest of
these is the fugacity of a vapor which is adsorbed

by the surface of the solid. A method developed
on this basis is also applicable to the surface of a
liquid, but lacks the simplicity of the direct de-
termination of surface tension.

What is actually involved is the fugacity (f),
rather than the pressure, but the two are usually
so nearly equal that either may be used. Such
equations are applicable to adsorption from solu-
tion as well as to that from a vapor phase when-
ever the fugacity is employed. Examples of the
phenomena involved are found (1) in the spread-
ing of (insoluble) stearic acid on water, and (2)
in the adsorption of nitrogen on the surface of
crystalline TiO,;, and (3) of butyl alcohol from
the aqueous phase upon the surface of the water.
This paper gives a discussion of the methods used
to calculate the lowering of the free surface energy
of a solid by an adsorbed film.

II. Theory

Since the change in free surface energy of a solid
surface cannot be measured directly, recourse
must be taken to some indirect method. Bang-



