SURFACE TENSION AND THE
PRINCIPLE OF CORRESPONDING

STATES
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Experimental surface-tension data for pure substances have been correlated suc-
cessfully by the use of two recent modifications of the principle of corresponding
states. The results are expressed in terms of simple analytical relations which allow

one to calculate the surface-tension curves either from the critical constants P., V
and T. or from P., T, and the boiling point T, and also provide a method for esti-
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mating‘ critjcal properties from surface-tension measurements. In addition, a method
for estimating the surface tension of molten metals is suggested.

There is at present considerable
interest in fluid mechanics prob-
lems involving free surfaces in con-
nection with the reexamination of
the unit operations in terms of the
fundamental transport processes
taking place. It is therefore im-
portant to have experimental data
on surface properties or in  the
absence of such data to be able to
make intelligent predictions of
them.

The current status of the experi-
mental data and the theory of sur-
face tension is not too satisfactory.
Many of the data in the standard
handbooks are more than thirty
years old and have never been cor-
roborated by subsequent investi-
gators. Also the discrepancies be-
tween measurements on a given
substance by two different methods
have not been properly explained.
Considerable progress has been
made, however, in developing the
theory of surface tension in terms
of intermolecular forces by means
of statistical mechanics(10). Two
main approaches have been used:
the free-volume theories, based on
an approximate evaluation of the
partition function(5, 15), and the
radial-distribution-function method
(2,3,13). Thus far these theories
have been developed only for mon-
atomic substances, and much more
needs to be done before the statisti-
cal theories will be generally useful
for predicting surface tensions of
complex compounds.

Hence the methods presented
here, based on the principle of cor-
responding states (hereinafter ab-
breviated P.C.S.), are offered as
an aid for practical calculations
pending further experimental and
theoretical developments. The re-
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sults given here also serve as an
additional test for the two modifica-
tions of the P.C.S. which are used.

PRINCIPLE OF CORRESPONDING
STATES AND ITS MODIFICATIONS

The P.C.S. in its original form
as enunciated by van der Waals
was applied specifically to the equa-
tion of state in the form

P, =P (V, T ¢y

That is, for all substances the re-
duced pressure should be a uni-
versal function of the reduced vol-
ume and reduced temperature. This
prineciple has been used in an alter-
nate form by Hougen and Watson
(11) in the preparation of their
generalized compressibility chart,
which is a graphical representation
of the function

Z=2Z(P.,T) 2

In addition to the generalized com-
pressibility chart (and the derived
charts for the thermodynamic func-
tions) charts have been prepared
for two of the transport coeffi-
cients: viscosity (11, 24), for which
wr=p,. (P, T,), and thermal con-
ductivity (8, 12), for which k.=
kr(Pw Tr)'

All these charts have been of
considerable use for purposes of
instruction and rapid ecalculation.
It is, however, inherently assumed
in these generalized representa-
tions that the constituent molecules
of all substances are mechaniecally
similar. This drawback led Kamer-
lingh Onnes to modify the original
P.C.S. Dby suggesting that each
group of mechanically similar sub-
stances—for example, the halogens,
the alcohols, the straight chain
paraffins—should obey a separate
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P.C.S. characteristic of its own
group.

Actually very little has been done
to modify the P.C.S. by the intro-
duction of additional parameters to
characterize the chemical structure
of the constituent molecules. The
reason for this is that an enormous
amount of very accurate experi-
mental data is required in order to
deduce the effects of dipole mo-
ments, quadrupole moments, polar-
izabilities, and molecular shape on
the bulk physical properties. Be-
cause of the impracticality of any
such attempt at the present time,
one might well ask whether some
sort of empirical correlating para-
meter can be found—one which
could be expected to work for a
large number of substances. Re-
cently two such empirical methods
have been suggested, in which a
single additional “correlating para-
meter” has been introduced:

1. Meissner and Seferian(20)
have suggested that all substances
with the same value of the para-
meter Z, = P,V,/RT, obey the same
P.C.S., that is, that Equation (2)
be replaced by

Z =17 (Pr; Tr; Zc) (3)

indicating the explicit parametric
dependence on Z, Similar expres-
sions can be written for the trans-
port coefficients and other proper-
ties. This modification of the P.C.S.
has been used by Lydersen, Green-
korn and Hougen(18) to make a
very extensive analysis of data on
equation of state and thermo-
dynamic properties of gases and
liguids.

2. Riedel(21) has suggested that
all substances with the same value
of Y,=(d In Py,/d In T), follow the
same P.C.S., that is, that Equation
(2) be replaced by

Z=ZP,T:;Y) @
with analogous relations for the

other physical properties. Riedel
has achieved particularly good suc-
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cess with this method in the corre-
lation of vapor-pressure data.*
The application of either of these
methods raises the important ques-
tion as to whether a single corre-
lating parameter—such as Z, or Y,
—can be expected to be sufficient
for describing the behavior of
many different physical properties.

*The quantity here called Y, is given
the symbol a, by Riedel(20), but the
present authors prefer not to use o
since this letter is frequently used
for the coefficient of expansion (9
In V/OT)p. Riedel has shown by s
very careful analysis of vapor-pres-
sure data that the quantity Y, can
be calculated from the boiling point
T» at a pressure P by means of the

Recently Rowlinson(23) succeeded
in showing theoretically that at
least for certain types of molecular
interactions a single correlating
parameter is indeed adequate. To
substantiate his theory he has
studied the following properties of
sixteen widely varying substances:
second virial coefficients, vapor

equation

In P,.=Y, In T, —0.0364(Y,—
3.75)[(36/Ty,)+42 In T}, — 35 —
Tbr6]

in which T, is the reduced boiling
temperature corresponding to the re-
duced pressure P,. If many values of
Y, are needed, they can be calculated
quickly from tables prepared by
Riedel(21).
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pressure of liquids, rectilinear di-
ameters, Trouton’s constants, heat
capacities (at constant volume) of
liquids, and surface tension. The
success which the authors have had
in correlating surface-tension meas-
urements on the basis of methods
1 and 2 above can be regarded as
an additional justification of Row-
linson’s generalization of the P.C.S.

APPLICATION OF THE MODIFIED
P. C. S. TO SURFACE TENSION

Neither of the above discussed
modifications of the P.C.S. has yet
been fully examined as to how well
various physical properties can be
described. It is of interest to test
thése methods by applying them to
the correlation of surface-tension
data. For this property it is well
known that the P.C.S. in its origi-
nal form is definitely inadequate
(9), probably because of the align-
ment effects at the interface, which
are of course highly sensitive to the
molecular shapes and molecular in-
teractions. The surface tension of
a pure substance is particularly
easy to study, since it is a function
of temperature but not of pressure.

For the purpose of this work a
“reduced” surface tension has been
defined by*

N S (5)
Pyt

(It should be noted that the
quantity v/ P,% (xT)% is dimension-
less but that quantity yg, defined
in Equation (5), is not, because of
the missing factor x»% which was
omitted to simplify calculations.)
According to the original P.C.S.
one would expect v, to be a unique
function of T, for all substances.

*One might also define a reduced
surface tension thus:

YR =

ve=yVi?/ kT, (5a)

This definition suffers from the dis-
advantage that V, is not known ac-
curately for many substances. Rowhn-
son(238) has, however, used this defi-
nition in his investigation.
According to the two modified
P.C.S., however,

vr = Y& (Tr; Z0) ®)

v =7 (T Y.) Y]

The temperature dependence of the
surface tension for a great many
substances has been shown(9) to
be proportional to (1—T,)11/9, The
assumption that this temperature
dependence is universal allows one
to rewrite Equations (6) and (7)
thus

ve=TZ)A-T)"" @
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ye=TT) A=) )

The experimental surface-tension
data used for obtaining I'(Z,) and
I'(Y,) are those given in Landolt-
Bornstiein’s  Physikalisch“Chemis-
che Tabellen, the International
Critical Tables, the Annual Table
of Physical Constants, Tables An-
nuelles de Constantes et Données
Numériques and the Tables of the
American Petroleum Institute. For
many substances it was not! possi-
ble to find the surface tension of
the pure substance against its own
saturated vapor;. it was necessary
to use the value of surface tension
against air or some inert gas. The
error involved in the use of the
latter data is believed to be quite
small in comparison with the aver-
age deviation from the correlations
based on the principle of corre-
sponding states. The critical con-
stants needed for the correlation
were obtained from a recent com-
pilation made by Lydersen(17) and
from the extensive tabulation pre-
pared by Kobe and Lynn(14).
Eighty-four substances of widely

iffering character were selected
for which both surface-tension and
critical data were available. These
included two noble gases, five di-
atomic molecules, seven simple
polyatomic inorganic substances,
the first twenty normal paraffins,
ten branched paraffing, five alkyl
benzenes, six unsaturated hydrocar-
bons, eight esters, eight organic
halogen compounds, six organic ni-
trogen compounds, and seven other
organic compounds. The experi-
mental values of yg/(1—T,)11/9
were plotted against 1/Z, (as shown
in Figure 1) and against Y, (as
shown in Figure 2). Through the
point so plotted, the best straight
lines were drawn by means of a
least-squares fit. These linear rela-
tions then allow Equations (8) and
(9) to be rewritten as

TABLE 1.—ANOMALOUS DEVIATION OF
EXPERIMENTAL SURFACE TENSIONS
FROM GENERALIZED EQUATIONS

Average %
deviation from

Eq. (10) Eq. 11

Substance

Polar inorganic sub-

stances

Water.............. + 906 4 44.0

Ammonia........... + 355 4+ 6.2

Hydrogen chloride... -+ 314 4 13.2

Hydrogen bromide... + 134 + 5.0
Alcohols

Methanol........... +179 -+ 582

Ethanol............ + 89 4117

Butanol............ + 394 + 87
Carboxylic acids

Aceticacid.......... +166 + 70

Propionic acid....... + 8 + 91

Butyricacid........ + 21 4115
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vz = (—0.951 +

0.432/2.) (1— T,)“/ o)

Yr = (""’0.281 +

0.133Y,) (1— Tr)“/ *ooan

which are the final generalized re-
lations for surface tension based
on the two modified P.C.S. de-
scribed above.*

GENERALIZED RELATIONS FOR
SURFACE TENSION

Applicability. Over the tempera-
ture range of the available data for
the eighty-four substances con-
sidered, it was found that the aver-
age error for Equation (10) is
6.2% and for Equation (11, 3.0%.
The smaller deviation for the Y,
correlation does not necessarily in-
dicate that Y, is fundamentally a
better choice of correlating para-
meter than Z,. Many of the devia-
tions in the Z, correlation are quite
likely due to erroneous values of Z,
(which in turn frequently can be
traced to faulty V, values).

Equations (10) and (11) are
sufficiently accurate for most en-
gineering calculations and provide
a quick method for estimating sur-
face tension from critical data. If
experimental critical data are not
available, they can be estimated by
the group-contribution methods de-
vised by Riedel(21,22) and ex-
tended by Lydersen(17). Lydersen
has also given an empirical rela-
tion whereby Z, may be estimated
from heats of vaporization.

Equations (10) and (11) could
be used for estimating critical
constants from surface-tension
measurements. If P, and T, are
known, then V, can be obtained
from

V.= 0432 (RT./P.) |:0.951 +

2/3,m/3
v/P: Tv ]—1 (12)
(1“'Tr)11 9

And if T, and a boiling point are
known, then P, can be found from

*The constants in Equations (10
and (11) are slightly different from
those given previouslyl, since only
30 substances. were used in the origi-
nal correlation.
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P.=

[ 'Y/Ti/s ] 3/2
(—0.2814+0.133Y ) (1— T/

(13)
A trial-and-error method has to be
used to obtain P,, as Y, depends on
P,.. Equation (13) is probably about
as good for estimating P, as ig the
group-contribution formula given
by Lydersen(17).

Limitations. The generalized rela-
tions for surface tension are rea-
sonably successful for simple in-
organic substances and for a wide
variety of organic compounds.
There are several groups of sub-
stances for which the correlations
cannot be expected to hold: very
light atoms and molecules (the
isotopes of hydrogen and helium),
molten metals, certain highly polar
inorganic substances (H,0, NH,,
HCl, HBr), associating substances
(aleohols, carboxylic acids, ete.),
and fused salts. The order of mag-
nitude of the deviations of some
of these substances from the gen-
eralized equations is indicated in
Table 1.

The only class of substances
listed above which has been suc-
cessfully studied is the first one—
the isotopes of hydrogen and helium
—which exhibit quantum effects.
These substances should always be
excluded from generalized correla-
tiong inasmuch as there are other
preferable ways to handle them.
The first method was suggested by
Byk(4), who proposed a quantum
mechanical modification of the
original van der Waals' principle
of corresponding states. A theo-
retically sounder method is the use
of a quantum mechanical P.C.S.
based on the reduction of variables
with molecular parameters (rather
than critical parameters), as pro-
posed by de Boer(7) and discussed
extensively by Lunbeck(19). The
application of this latter approach
to surface tension has been carried
out by one of the authors(6). In
this way the surface tension of He?
and the various heavy isotopes of
hydrogen. Recently the surface ten-
sion of He? was measured by Love-
joy(16) in the range 1.0° to 2.5°K.
Above about 1.8°K. the experi-
mental values agree almost exactly
with the predicted curve. The dis-
crepancy below 1.8°K. is undoubt-
edly due to statistics effects, which
were not taken into account in the
P.C.S. prediction. As yet no ex-
perimental values of the surface
tension for the heavy isotopes of
hydrogen are available.
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Much needs to be done in con-
nection with the other anomalous
substances. For the molten metals
there seems to be a relationship
between the surface tension and
the electrical resistivity, as can be
seen in Figure 3. For the materials
in the last three groups above, no
workable generalizations have beer
obtained. It is not known at present
whether Equations (10) and (11)
apply generally to the fluorocar-
bons. The only one of these sub-
stances for which both surface-
tension and critical data could be
found was perfluoroheptane, for
which the agreement was not par-
ticularly good. It will be interest-
ing to see whether this class of
compounds exhibits further devia-
tions.

SURFACE TENSION AND THE
PARACHOR

The ecalculation of the surface
tension from the modified P.C.S.
methods is not presented as a sub-
stitute for the method of calculat-
ing surface tension from the para-
chor. The latter calculation requires
a knowledge of the liquid and vapor
densities, whereas the former re-
quires that one know either P, V,,
T, or P, V, T, Thus the two
schemes of estimating surface ten-
sion are complementary. Further-
more it is frequently useful to have
two different methods available for
estimating physical properties un-
der unusual conditions. A P.C.S.
approach to surface tension is in a
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sense more satisfying, in that the
correlation is obtained by a general
method, capable of being applied to
a variety of properties as already
discussed. The parachor, on the
other hand, involves a specific
method.

The parachor is far from being
well understood theoretically. It
was introduced as a useful em-
piricism by Sugden, and its use
in structural determinations is well
known. At the present time there
is no satisfactory explanation of
the fact that the parachor is very
nearly constant over a wide range
of temperature. Lennard-Jones and
Corner(13) have shown that the
parachor is given within about 4%
for simple substances by the em-
pirical relation:

(Pl = (7.1 X 10° &g/ (14)

in which ¢ and ¢ are the parameters
in the Lennard-Jones potential (e
is the low-energy collision diameter
in Angstrom units and ¢ is the
maximum energy of intermolecular
attraction in ergs). This relation
shows that the parachor is almost
proportional to 3% which is in
agreement with Sugden’s conten-
tion that the parachor is some sort
of modified molecular volume.
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NOTATION
k = coefficient of thermal conduec-
tivity

P = pressure

P, = vapor pressure

R = gas constant

T = temperature

V = molar volume
Y=(dInPy/dInT)

7 = compressibility factor, PV/RT
v = surface tension
vr = ‘“reduced” surface

Isee Equation (5)]

I’ = quantity defined in Equations
~ (8) and (9)

x = Boltzmann’s constant

. = coefficient of shear viscosity
0, = electrical resistivity

tension

Subscripts
b = quantity evaluated at the boil-
ing point
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¢ = quantity evaluated at the criti-
cal point

7 = quantity made dimensionless
by division by the correspond-
ing quantity at the critical
point
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