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The Homogeneous Nucleation of Bubbles in
Superheated Binary Liquid Mixtures

It is shown how to apply homogeneous nucleation theory to predict the
limits of superheat of multicomponent liquid mixtures. Measurements of such
limits for n-pentane-n-hexane, n-hexane-cyclohexane, benzene-cyclohexane,
and benzene-n-hexane mixtures as a function of composition are presented

and compared with theory,

BRUCE S. HOLDEN
and
JOSEPH L. KATZ

Department of Chemical Engincering

Clarkson College of Technology
Potsdam, New York 13676

SCOPE

Barriers to the nucleation of bubbles may lead to a su-
perheating of liquids which is so large that when nuclea-
tion does occur, they boil with explosive violence. Such
explosive boiling tends to occur whenever a low boiling
nucleating liquid comes in contact with a much higher
boiling host liquid if their temperature difference is suffi-
ciently large. This limit of superheat is therefore readily at-
tained and represents quite a significant hazard to industry.

In a recent review in this journal (Blander and Katz,
1975), it was shown that homogeneous nucleation theory

was quite successful in predicting the measured limits of
superheat of pure (that is, one component) substances.
However, the low boiling liquid is often a mixture of two
or more components. It is the purpose of this paper to show
how to apply nucleation theory to multicomponent mix-
tures, to describe an improved version of the rising droplet
column used to measure the limits of superheat, and to
present results on an ideal and on several somewhat non-
ideal binary mixtures which were studied to test the valid-
ity of the theory.

CONCLUSIONS AND SIGNIFICANCE

The theory for the homogeneous nucleation of a super-
heated liquid was successfully generalized to multicompo-
Correspondence concerning this paper should be addressed to Joseph

L. Katz. Bruce S. Holden is with The Dow Chemical Company, Midland,
Michigan 48640.
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nent mixtures by employing the chemical equilibrium ap-
proximation; that is, the pressure and composition of the
gas in the embryonic bubbles is determined by its being in
equilibrinm with the swrrounding superheated liquid for
bubbles of every size. With this approximation, the equa-
tion for the rate of nucleation of multicomponent mixtures
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becomes identical in appearance with that for a pure sub-
stance [Equation (1)] except for a minor and negligible
change in the preexponential, The fact that one is dealing
with a mixture enters the equation only via the use of the
mixture surface tension and mixture vapor pressure. Given
experimental data for these quantities (or reliable estima-
tion techniques), one is thus able to predict the limits of
superheat of multicomponent mixtures as easily as that for
pure substances.

The theory was tested by comparison with limit of su-
perheat measurements on n—pentane-n-hexane, n-hexane-
cyclohexane, benzene-cyclohexane, and benzene-n-hexane
mixtures. The measurements for the first three mixtures

confirm the theoretical predictions to within the joint un-
certainty due to the uncertainties in the physical properties
and that due to the experimental scatter. The data for the
benzene-n-hexane mixtures depart somewhat from the theo-
retical predictions (for example, predicting an excess limit
of superheat of 9°K instead of 14°K at a n-hexane mole
fraction of 0.4) but, nevertheless, still fit the general shape
of the limit of superheat vs. mole fraction curve quite well.
(The slight but probably not negligible solubility of ben-
zene in the host liquid may account for these deviations.)
We conclude that adequate estimates of the limits of super-
heat can be obtained from this theory even for somewhat
nonideal mixtures.

In a recent review article (Blander and Katz, 1975), it
was shown that homogeneous boiling nucleation theory was
able to quite accurately predict values for the limits of
superheat of pure (that is, one component) substances.
It was also shown that experiments on ideal binary liquid
mixtures (for example, propane-butane) were adequately
fitted by a mole fraction weighted average of the limits
of superheat of the pure components though no theoreti-
cal derivation for this result was provided. However, mix-
tures which were only slightly nonideal, such as n-pentane-
n-dodecane, showed a small but unmistakable deviation
from linearity. For less ideal mixtures, more significant
deviations are to be expected. For its practical importance
(most fluids of industrial interest are mixtures) as well
as for its fundamental scientific interest, we decided to
examine the theory to see what generalization was needed
to make it applicable to multicomponent mixtures and to
make suitable measurements to verify the theory.

There exists a generalization of nucleation theory for
the condensation of binary vapor (Reiss, 1950) which was
recently generalized further to multicomponent vapors
(Hirschfelder, 1974). Since one-component nucleation
theory can be derived for both boiling and condensation
from a common starting point (Katz and Blander, 1973),
one might think the same should be done for multicom-
ponent mixtures, However, as we shall show below, by
making the approximation that all embryonic bubbles are
in chemical equilibrium rather than the approximation
that they are in mechanical equilibrium, not only are the
derivation and the final equation greatly simplified, but
some hard to obtain data, for example, the composition
dependence of the vapor in equilibrium with a liquid mix-
ture as a function of pressure, are no longer required.

THEORY

In a superheated binary liquid mixture of fixed bulk
composition at constant temperature T and external pres-
sure PY, theory predicts that the logarithm of the rate of
homogeneous nucleation is proportional to the minimum
work of formation of a bubble of critical size, that is, that
size at which a bubble is in both mechanical and chemical
equilibrium with the surrounding liquid. (Mechanical
equilibrium means that Laplace’s equation P = P° + 2¢/7
is satisfied. Chemical equiiibrium means that the pressure
and composition of the vapor inside the bubble are deter-
mined by the requirement that the vapor be in equilibrium
with the surrounding liquid.) The probability of forming
critical sized bubbles (and thus the rate ot nucleation)
increases extremely rapidly with increasing superheat. This
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increase is so rapid (typically one order of magnitude
for each 0.3°C at observable rates of nucleation) that one
can define a limit of superheat as the temperature at which
the probability of nucleation goes from a negligibly small
number to almost unity.

One can obtain an estimate of the proportionality con-
stant connecting the concentration of critical sized bubbles
and the logarithm of the rate of nucleation by considering
the superheated liquid to contain a distribution of em-
bryonic bubbles of various sizes. This distribution is ob-
tained by calculating the minimum work required to form
bubbles of any given size and pressure (for binary mix-
tures, composition would also be a variable). To obtain the
rate of nucleation, it is then necessary to reduce this two-
variable problem (that is, size r and pressure p) to one
variable. This can be done by assuming that all such
bubbles at all times are either in mechanical or in chemi-
cal equilibrium. For condensation, the mechanical equi-
librium approximation is usually satisfied, but for boiling,
chemical equilibrium is probably much closer to reality
than is mechanical equilibrium; which approximation is
better depends on the relative relaxation times for con-
densation and for the motion of the interface. For con-
densation, since the molecules condensing on a cluster do
so at its surface, the location of its radius and the pressure
exerted by the molecules inside it are related by Laplace’s
equation. However, the rate of evaporation does not equal
the rate of condensation except at the critical size. For
boiling, the maintenance of mechanical equilibrium would
require a change in the bubble radius every time a mole-
cule evaporated or condensed and thus changed the in-
ternal pressure, This is clearly not true for boiling at large
negative external pressures, better known as cavitation.
Under cavitation conditions, there are at most a few mole-
cules inside each bubble. Typically, these molecules evap-
orate from one side of the bubble, travel across to the
other side, and condense. The bubble radius is in no way
related to this process, but the number of gas molecules
in the bubble is controlied by the evaporation-condensa-
tion process; that is, there is no mechanical equilibrium
but there is chemical equilibrium. At higher temperatures
(therefore less negative external pressures), the vapor
pressure rises and the gas molecules start to interact and
mterrere with the condensation process. For boiling at
temperatures close to the critical temperature, that is,
where the density of the molecules inside the bubbles is
high, it is no longer obvious which equilibrium is more
rapid. But under these conditions it no longer matters
since, as shown by Blander and Katz (1975), for pure
substances the only difference in predicted rates of nuclea-
tion is a multiplicative factor of (2/3)%.
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Fig. 1. Low gradient rising droplet column and detail.

For a binary (or multicomponent) liquid, the assump-
tion of chemical equilibrium specifies not only the pres-
sure but also the composition of the vapor. We shall make
this assumption; that is, we assume that every possible
bubble always contains the appropriate number and com-
position of molecules to be in equilibrium with the sur-
rounding liquid, and that Laplace’s equation (that is, P =
PO 4 20/r) is not satisfied except at the critical size. Thus
bubbles smaller than the critical size will have an internal
pressure P less than that required for mechanical equilib-
rium and will tend to shrink, while those larger than the
critical size will tend to grow.

The assumption of chemical equilibrium reduces the nu-
cleation calculation to pseudo one component, since the
rate of nucleation J is therefore given by the net rate at
which bubbles of critical size add and lose molecules of
the average gas phase composition. Following a pro-
cedure identical to that used by Biander and Katz (1975),
(setting B = 1 since we here assume chemical equilib-
rium), one obtains for the rate of nucleation

5 ()

w
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[ — 16m0? ] a
P | 3kT (Py — PL)

As shown by Blander and Katz (1975), there is a sma
but not insignificant correction to the literature value ¢
the vapor pressure P, because Pr, # Py. This correction i
adequately approximated by

1
Po=But (Bo=B2) [ 1= (oo/p) + 5 (oo/mi? |

(2

Equation (1) differs from that given by Blander and Kat
(1975) by the term in Y, and Y,. This arises from th
fact that the arrival rate of molecules to a cluster 8 ha
to be replaced in a binary vapor by the sum of the arriva
rates, that is, 8 — By + Be. (For multicomponent mixtures
B— B + B2+ Bs + ...) Thus, assuming ideal gases
instead of P/~/(2»mkT), one uses PY;/\/{(2zmkT) +4
PYo/\/(2#mokT).

EXPERIMENTAL PROCEDURE

The rising droplet column used to measure the kinetic limi
of superheat was similar to the apparatus developed by
Moore (1959) and Wakeshima and Takata (1958), which wa
subsequently modified by Skripov and Ermakov (1964) anc
Blander et al. (1971). The technique consists of introducing
a small droplet of the liquid to be studied at the bottom of ¢
60 cm glass column filled with a denser, immiscible, host liquid
The column is wound with nichrome wire, and an electrica
current is passed through the wire to heat the column; a stable
temperature gradient is formed with the top of the columr

n-Pentane/n—Hexane

180

170

Kinetic Limit of Superheat (°C)
o
(@]

150

1 I} L i

0 2 4 6 8 10
Mole Fraction n—Hexane

Fig. 2. Comparison of theoretical and experimental limits of super-
heat for mixtures of n-pentane and n-hexane.
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Fig. 3. Comparison of theoretical and experimental limits of super-
heat mixtures of n-hexane and cyclohexane.
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hotter than the bottom. The droplets which are introduced at
the bottom rise up and are heated until the limit of superheat
is reached and explode. The range of temperatures over which
the explosions occur is measured with two thermocouples.

In the apparatus used in these experiments, a close fitting
glass cylinder was slipped over the heated section of the column
(Figure 1 ) with fiber glass insulation sealing off the annular
region, which greatly reduced the heat losses to the environment
and allowed much finer temperature control. The nichrome
wire windings were made as even as possible and ended about
2 cm above the bottom of the column. This caused the entire
heated section of the column to be within about 50°C ot the
maximum temperature, and in the top 15 cm, the temperature
change was only about 0.5°C and very linear. This low
gradient section at the top of the column allowed the location
at which the droplets exploded to be spread out vertically,
increasing the accuracy with which the nucleat.on temperatures
could be measured, and helped to insure that the droplets
were isothermal. It was found that the temperature in the low
gradient section was so sensitive to changes in the voltage
setting of the variable transformer used to supply the current
(used in series with a constant voltage transformer to eliminate
line voltage variations) that a small adjustment would move
the boiling range well out of the desired section. To remedy
this problem, a 1.150Q, ten turn precision rheostat was placed
in series with the column; when the rheostat’s resistance was
varied from zero to full scale, the column temperature would
decrease about 5°C, providing more than enough sensitivity
to control the column temperature precisely.

Instead of using an emulsion chamber to introduce droplets
into the host medium (for example, glycerol) as used in most
previous investigations, a 2 ml glass syringe and a 30 gauge
hypodermic needle with a squared oft point was n erted
through a silicone rubber septum at the bottom of the column.
By carefully manipulating the syringe plunger, single droplets
of virtually any size desired could be injected. The silicone
rubber septum was held in place with the drilled out cap of
a screw top bottle, the threaded section of waicn was attached
to the bottom of the column by the glassblower; this arrange-
ment allowed easy, leakproof changing of the binary mixtures.
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Fig. 4. Comparison of theoretical and experimental excess limits of
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Since glycerol tends to oxidize at high temperatures, argon
was continuously but slowly flowed over the surface of the
glycerol at the top of the column. Whenever the column was
heated up from room temperature, argon was bubbled through
a hypodermic needle stuck through the septum to flush out any
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Fig. 5. Comparison of theoretical and experimental limits of super-
heat for mixtures of benzene and n-hexane.
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Fig. 6. Comparison of theoretical and experimental excess limits of
superheat for mixtures of benzene and n-hexane.

oxygen. Once the column had come up to temperature, it could
be left running continuously for several days, if needed, without
any discoloration of the glycerol.

For each pair of substances, mixtures of mole fractions 0.0,
0.2, 0.6, 0.8, and 1.0 were studied. About fifty droplets were
injected for each composition. One thermocouple was placed
at the lowest level,* and another was placed at the highest
level where droplets were observed to explode. These two
readings were recorded, and study of the next composition
begun. Figures 3 to § show both the mean explosion tempera-
ture and the range of temperatures over wnich the droplets
exploded.

The mixtures studied were n-pentane-n-hexane, benzene-n-
hexane, benzene-cyclohexane, and n-hexane-cyclohexane. The
benzene and n-hexane were pure grade from Phillips Petroleum
Company (99 mole% minimum), and the cyclohexane was
ACS Reagent grade from Eastman Kodak. The n-pentane was
Baker grade (99% minimum ), and the anhydrous giycerol used
as a host liquid was Baker Analyzed grade (99.8% assay), both
from J. T. Baker. The purities were considered adequate since
use of technical grade n-pentane (95% purity) gave identical
results to those obtained with Baker grade.

DISCUSSION

During the course of this study, it was observed that
droplets of pure benzene less than about 0.2 mm in diam-
eter dissolved totally in the glycerol without nucleating.
Mixtures containing high concentrations of benzene were
also observed to dissolve but to a lesser extent; that is,
small droplets would decrease slightly in size but not
enough to disappear before exploding. This poses a prob-
lem, since the concentrations of mixtures containing ben-
zene may change somewhat as they are superheated, caus-
ing the droplets to act like those containing a lower con-
centration of benzene. The effect of leaching benzene out
of the droplets should be to bring the experimental points

@ About one droplet in fifty exploded at a much lower (and nonre-
producible) temperature, almost certainly by a heterogeneous nucleation
mechanism. These dropiets were not inciuded in our reported values.
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Fig. 7. Comparison of theoretical and experimental limits of super-
heat for mixtures of benzene and cyclohexane.

closer to the theoretical curves, since benzene has the
higher limit of superheat in the mixtures studied. We have
no reliable estimate for the magnitude of this systematic
error but think (because of the similarity of the figures
and their agreement with theory) that it is small and prob-
ably within the scatter of the data.
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Fig. 8. Comparison of theoretical and experimental excess limits of
superheat for mixtures of benzene and cyclohexane.

AIChE Journal (Vol. 24, No. 2)



TasLE 1. CompARIsON OF THE THEORETICAL KINETIC LIMIT
oF SUPERHEAT CALCULATED FOR A RATE OF NUCLEATION OF
10* Nucrer cMm—3 s AND THE EXPERIMENTALLY MEASURED
MeAN TEMPERATURE AT WHICH THE SUPERHEATED DROPLETS
WERE OBSERVED To EXPLODE as A FUNCTION OF MOLE
FracTioN oF THE SECOND SUBSTANCE

Mole Fraction Experiment Theory
n-pentane—n-hexane
0.0 145.2 147.5
0.2 151.7 154.5
0.4 159.3 161.6
0.6 166.2 168.8
08 173.3 175.9
1.0 180.8 183.1
n-hexane—cyclohexane
0.0 181.2 183.1
0.2 186.5 189.3
0.4 193.2 196.0
0.6 200.2 203.2
0.8 208.4 211.3
1.0 217.2 220.2
Benzene-n-hexane
0.0 225.0 227.8
0.2 204.6 2113
04 193.6 200.9
0.6 188.8 193.9
08 183.7 188.2
1.0 181.2 183.1
Benzene-cyclohexane
0.0 225.0 227.7
0.2 219.9 223.3
04 217.1 220.6
0.6 216.6 219.3
0.8 216.5 219.2
1.0 217.0 220.1

In previous investigations of the limits of superheat using
the rising droplet column, a much larger percentage of
each droplet’s time of rise was spent at low temperatures
than in the apparatus used in these experiments, Typically,
in earlier columns, droplets may have spent as little as 3
or 4 s at temperatures within 20°C of the limit of super-
heat. In our apparatus, the droplets were heated to within
20°C of the limit of superheat very quickly and were there-
fore at temperatures close to the limit of superheat for
much longer times. Studies were made to determine the
effect of droplet volume on the superheat-limit tempera-
ture. The volumes were decreased until the boiling range
would no longer change noticeably with droplet size.
Large droplets, greater than about 1 mm in diameter,
were observed to explode noticeably higher than small
droplets. The droplet size which was usually used (about
0.5 mm) allowed each droplet at least 10 s within 20°C
of the limit of superheat. As a result, a closer approach to
thermal equilibrium was probably achieved in the drop-
lets in our apparatus than in previous investigations,
which may explain why the measurements for pure n-hex-
ane and cyclohexane fall about 2° to 3°C below the values
measured previously [181.2°C* vs. 183.8°C (Blander et
al, 1971) and 217.2°C vs. 219.7°C (Eberhart et al,
1975)]. The temperatures measured are probably accu-
rate to =0.2°C or better.

® This number is from our hexane-cyclohexane and hexane-benzene
studies. Our hexane-pentine studies were made at an earlier date and
with a slightly different column. They give an average value for pure
hexane of 180.6°C, that is, 0.6°C lower. This discrepancy is within the
joint limits of scatter, that is, 0.5°C for each set of experiments.
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To estimate the nucleation rates at which the droplets
were exploding, ] = 1/vr was used. We assumed that one
bubble nucleating anywhere within the droplet caused it
to explode. Since the droplets rose at about 4 cm/s at the
temperature of interest and the length of the isothermal
section of the column in which the mixtures exploded was
typically about 10 cm long, the mean droplet lifetime
(at the limit of superheat temperature) was usually
around 1.25 s. For droplets 0.5 mm in diameter, v is about
6.5 X 1075 cm?, This gives a value of 1.2 X 10% cm—3s~!
for the nucleation rate. A value of 10* was substituted into
Equation (1) for ], the nucleation rate, and the resulting
expression solved numerically for the temperature. In
order to get an estimate of the change in nucleation rate
with temperature, the expression was also solved for a
rate of 10 cm~3~!, From Figures 3, 5, and 7 it may be
seen that the nucleation rate changes by two orders of
magnitude for a temperature change of about 0.75°C.

In order to solve Equation (1) for temperature, the
surface tension, equilibrium vapor pressure, and liquid
density must be known as a function of both temperature
and composition. n-pentane-n-hexane form an almost per-
fectly ideal mixture. Mole fraction averages of thé surface
tension, equilibrium vapor pressure, and molar volumes
at the corresponding temperatures were therefore used.
Unfortunately, there is very little data as a function of
temperature for the nonideal binary systems which can
be studied in the rising droplet column. While systems
such as methanol-water, ethanol-water, acetone-ether, and
others have well-documented physical property data, they
have at least one component which is soluble at the tem-
peratures of interest in all of the liquids we tested for use
as the host medium. To circumvent the solubility problem,
mixtures of benzene, cyclohexane, and n-hexane were stud-
ied, even though for these mixtures there is very little
physical property data available at high temperatures. The
methods and equations used to obtain the needed data
are discussed in the Appendix.

RESULTS

The experimental results and the comparisons with
theory are presented graphically in Figures 2 to 8. In
Figure 2, the kinetic limits of superheat of mixtures of n-
pentane and n-hexane are plotted vs. mole fraction of n-
hexane. The solid line represents the limits predicted by
theory for a nucleation rate of 10* cm~3s~1, The dots rep-
resent the experimental average nucleation temperatures
of the mixtures. The droplet boiling ranges were all less
than 0.5°C. For the other binary systems, two graphs are
presented. The first is a plot of the kinetic limit of super-
heat vs. mole fraction of component 2 in the liquid. The
two solid lines are the limits predicted by theory for
nucleation rates of 102 and 10* cm—3s~1, the lower line
representing 102 cm~3s~! and the upper line representing
10* cm~—3s~! The dots represent the experimental average
nucleation temperatures of the mixtures with the droplet
boiling ranges indicated by the vertical bars. The second
graph for each system (other than n-pentane-n-hexane) is
a plot of the excess limit of superheat vs. mole fraction.
The excess superheat is calculated by taking the molar
average of the superheats of the pure components and sub-
tracting this from the actual superheat of the mixture. By
definition, the excess superheat for the pure components
will be zero for both the theoretical and experimental
curves. In this manner, the curvatures of the experimental
and theoretical superheat curves in the first plot can be
compared. The solid lines are the predictions of the theory
for 102 (lower curve) and 10* em—3s™%, and the dots and
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bars are the experimental average excess superheat and
the temperature range over which the droplets explode,
respectively. The fact that the theory lines for 102 and
10* em~3s~! coincide on all the excess superheat limit
plots indicates that the curvature of the kinetic limit of
superheat has little, if any, rate dependence. The values
of the kinetic limits of superheat are tabulated in Table 1.

Upon examination of Figures 2, 3, 5, and 7 it is appar-
ent that the shapes of the theoretical curves are always
quite similar to those of curves connecting the experi-
mental results, even though the theory predicts values
which are 2° to 4°C too high. For n-pentane-n-hexane, no
excess superheat plot is given, since it would be an almost
perfectly straight line with no difference (within experi-
mental scatter) between theory and experiment. For
the nonideal mixtures, as can be seen from Figures 4,
6, and 8, the curvature of the theory is somewhat smaller
than that of the experiment. Nevertheless, the agreement
is quite good.
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NOTATION

J = rate of nucleation per unit volume of liquid

k = Boltzmann’s constant

my, my == molecular masses of component 1 and 2

N = number density of liquid

P = pressure within a bubble

P, = equilibrium vapor pressure

P, = hydrostatic pressure in liquid

Py = pressure of vapor in equilibrium with liquid at
given pressure Pr

P® = external pressure on the liquid

r = radius of bubble

T = temperature

v = droplet volume

Y3, Y2 = vapor mole fractions of components 1 and 2
pg = density of vapor

;= density of liquid
o = surrace tension of liquid in equilibrium with vapor
T = mean droplet lifetime
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APPENDIX

A variety of estimation techniques were used to arrive at
values for the physical properties for which no data were
available.

The densities of the two pure components were found as a
function of temperature, and the excess volume of mixing as a
function of liquid composition was calculated at different tem-
peratures by using the theory of Flory (Flory, 1965; Abe
and Flory, 1965; Nigam and Singh, 1969). Since the theoretical
nucleation rate is fairly insensitive to errors in the liquid density,
the accuracy of this estimate of the binary liqud density is
more than sufficient for the applications intended here.

The vapor pressure as a function of temperature at tempera-
tures close to the critical point is required for the full range of
liquid compositions. Since data on vapor pressures at high
temperatures of the binary systems in question are very scarce,
it was necessary to calculate the mixture vapor pressures. The
Riedel-Plank-Millr correlation

G
log Py, = —T—[l — T2 4 g(l—T,)%] (AD)
T

was used, where Py, = Py/P. is the reduced mixture vapor
pressure, T, is the reduced temperature, G = 0.2271 + 0.4525h

[%—(1+Tw>]

&= (1— Tbr)2 (Az)

log P,
S L
or (1'— Tbr)

and Ty, = Tu/T. is the reduced mixture bubble point at 1
atm pressure. Thus, the only properties of each mixture needed
are the bubble point and the true critical temperature and
pressure.

The mixture critical properties were either taken from the
literature (Partington et al., 1960) or were calculated from the
theory of conformal solutions (Kreglewski and Xay, 1969;
Kreglewski, 1968, 1969). The critical temperatures and pres-
sures as calculated by this theory are probably accurate to
better than 1°K and 34 kPa (5 1b/in.2 abs) for the compounds
in question, according to the analysis of Kreglewski and Ka
(1969). The average maximum error in the Riedel-Plank-
Miller correlation was found by Reid and Sherwood (1966)
to be about 1.5% for a wide variety of pure compounds,

A limited amount of surface tension vs. composition data
was found at temperatures close to ambient for the binary
systems studied (Schmidt et al., 1966; Suri et al., 1968; Clever
et al., 1963). Since the surface tension of each mixture studied
had to be known at temperatures close to the critical tempera-
ture, an attempt was made to curve fit the data for each mole
fraction of interest, using an equation of the form

T \»
0:&0(1——17—)
[

where T. is the absolute critical temperature of the mixture,
and ¢y and n are adjustable parameters to be determined by
the curve fit. Literature data was found for the surface tensions
of n-hexane-cyclohexane at 25°, 30°, and 35°C for benzene-
n-hexane at 25°, 30°, 35°, and 40°C and of benzene-cyclo-
hexane at 20° and 30°C. None of these temperature ranges
are wide enough to yield a fit which could be extrapolated over
a wide range of temperatures. However, surface tension data
were found in Jasper (1972) for the pure compounds {n-hexane
from 10° to 60°C, cyclohexane from 5° to 70°C, and
benzene from 10° to 80°C) and fitted to Equation (A4) to
yield a value of n for each component. We therefore assumed
a mole fraction average n for each composition and used the
binary data and Equation (A4) to obtain o¢’s. The uncertainty
in the o¢’s at the various compositions was never more than
0.7 mN/m (about 1% ) and were usually about 0.1 mN/m
(about 0.2% ).

It was found that the prediction of the limit of superheat
was most sensitive to errors in the surface tension, as expected,
since the cube of the surface tension enters in the numerator of

(A3)

(A4)
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the exponential in Equation (1). A decrease of 3% in the sur-
face tension of a mixture would lower the prediction of the
kinetic limit of superheat by about 1°C. The prediction was
only a little less sensitive to errors in the vapor pressure; an
iricrease of 4% in the vapor pressure decreased the limit of
superheat by 1°C. A 5% change in the molar volume of the
liquid did not noticeably affect the prediction of the limit
of superheat.

Considering the method used to obtain the values
for the surface tension of the mixtures at high tempera-
tures, the surface tensions could easily be about 5% off. Because
of errors in the bubble points, critical temperatures, critical
pressures, and the Riedel-Plank-Miller correlation, the vapor
pressures are probably in error by about the same factor. These
sources of errors easily account for the differences between the
experimental and theoretical limits of superheat for n-hexane-
cyclohexane and benzene-cyclohexane. However, the differ-
ence between the theoretical curve and the experimental points
for benzene n-hexane may be partially due to solubility eitects.

APPENDIX LITERATURE CITED

Abe, A,, and P. Flory, “Thermodynamic Properties of Mixtures
of Small, Nonpolar Molecules,” J. Am. Chem. Soc., 87, No. 9,
1838 (1965).

Clever, H. L., and W. Chase, “Thermodynamics of Liquid
Surfaces: Surface Tension of n-Hexane-cyclohexane Mix-
tures at 25°, 30°, and 35°C,” J. Chem. Eng. Data, 8,
No. 3, 291 (1963).

Flory, P., “Statistical Thermodynamics of Liquid Mixtures,”
J. Am. Chem. Soc., 87, No. 9, 1833 (1965).

Jasper, J., “Surface Tension of Pure Liquid Compounds,”
J. Phys. Chem. Ref. Data, 1, No. 4, 841 (1972).

Kreglewski, A., “Semiempirical Treatment of Properties of
Fluid Mixtures. II. Estimation of the Effects of Molecular
Sizes in Fluids and Fluid Mixtures,” J. Phys. Chem., 72,
No. 6, 1897 (1968).

e “Second Virial Coefficient of Real Gases,” 1bid., 73,
No. 3, 608 (1969).

, and W. Kay, “Critical Constants of Conformed Mix-
tures,” ibid., No. 10, 3359 (1969).

Nigam, R., and P. Singh, “Statistical Theory of Flory for Binary
Liquid Mixtures,” Trans. Faraday Soc., 65, No. 4, 950
(1969).

Partington, E., ]. Rowlingson, and J. Weston, “Gas-Liquid
Critical Temperatures of Binary Mixtures,” ibid., 56, 479
(1960).

Reid, R., and T. Sherwood, The Properties of Gases and
Liquids, McGraw-Hill, New York (1966).

Schmidt, R., J. Randall, and H. L. Clever, “The Surface
Tension and Density of Binary Hydrocarbon Mixtures:
Benzene-n-hexane and Benzene-n-dodecane,” J. Phys. Chem.,
70, No. 12, 3912 (1966).

Suri, S., and V. Ramakrisha, “Surface Tension of some Binary
Liquid Mixtures,” ibid., 72, No. 9, 3073 (1968).

Manuscript received August 8, 1977; revision received November 8,
aend eccepted December 8, 1977.

Critical Points of Mixtures:
An Analogy with Pure Fluids

MICHAEL R. MOLDOVER

The thermodynamic properties of vapor-liquid equilibrium (VLE) states and

near the critical locus of mixtures are correlated in very close analogy with
the techniques used to correlate the properties of pure fluids near a critical
point. The only mixture parameters used in the correlation are the values of
pressure, volume, temperature, and mole fraction (PVTx) along the physical
critical locus. We illustrate the power of the present approach by correlating

JOHN S. GALLAGHER
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National Bureau of Standards
Washingten, D. C. 20234

the rather extensive PVTx data that exist near the critical loci of the binary
mixtures: CO,-C;Hg, SFs-C3Hjs, and CsH5-C3Hj. Nearly all the data within
109, of the critical temperature may be described within their accuracy de-
spite the occurrence of critical azeotropy or large regions of retrograde con-

densation.

SCOPE

The primary objective of this study was to find some
relatively simple techniques through which several very
general, recent developments in the theory of critical points
might be applied to correlating data in the engineering
literature. In this work, we apply correlation techniques
based on physical ideas of general applicability to experi-
mental data and obtain representations of the data which
are economical in terms of number of parameters. Fur-
thermore, we find that the quantity of data needed to de-
scribe phase equilibria in the critical region is thereby sig-
nificantly reduced. The representations may be used with
confidence for interpolation, integration, or differentiation.
This approach should facilitate the development of new
engineering processes by reducing the time and expense

0001-1541-75-1008-0267-$01.45 © The American Institute of Chem-
ical Engineers, 1978.
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required to obtain the VLE data that may be required for
a mixture which has not been studied heretofore.

Our approach to correlating data in binary mixtures is
adapted from that used to describe He®-He* mixtures by
Leung and Griffiths (1973) and by Doiron et al. (1976).
We formulate a thermodynamic potential for a binary mix-
ture which has the same functional form as the potential
which has been used near critical points of pure fluids.
The coefficients in this potential (and the critical parame-
ters) are assumed to vary very smoothly as the particular
mixture considered is taken from one pure component to
the other. This assumption may be considered as an ex-
tension of the idea of corresponding states. It should be
noted that to be consistent with current theoretical ideas
about the critical point (Griffiths and Wheeler, 1970; Leung
and Griffiths, 1973), the parameter, which is held constant
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