(larger « = 2.5), the comparison is still good, but for
high reaction rates (a« = 25), large deviations begin to
occur. These results are more or less as expected from the
discussion above, but now give more quantitative criteria.
It is seen that over a rather wide practical range of the
parameters, the axial dispersion model provides a good
a}{)proximation to the more exact, but more complicated,
three-dimensional equations. Since laminar flow is an ex-
ireme example of sharp velocity profile, the use of the
axial dispersion model for other cases, such as turbulent
flow with a more flat velocity profile, should be satisfactory.

TABLE 1.

a = 025

2,7t Cr+ Cy Npe Ry
0.2 0.906 0.907 4.8 0.1
04 0.821 0.822 9.6 0.2
0.6 0.744 0.745 14.4 0.3
0.8 0.675 0.676 19.2 04
1.0 0.612 0.612 24.0 0.5
a=25

0.2 0.405 0.417 4.8 1.0
0.6 0.073 0.076 144 3.0
1.0 0.0135 0.0140 24.0 5.0
a=25

0.02 0.421 0.455 0.48 1.0
0.05 0.144 0.218 1.2 2.5
0.10 0.028 0.064 2.4 5.0

Recently, Horn and Parish (15) have presented a theo-
retical justification of the use of the axial dispersion model
similar to the analysis of Taylor and Aris, but actual nu-
merical criteria were not given.
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NOTATION

a = parameter = \/1 + 4R,/Bo = /1 + «/3

A, = constant in eigenvalue expansion, Equation (8)
C = concentration .

C, feed concentration

dimensionless concentration = C/C,

cross section flow mean concentration at reactor
exit, defined by Equation (3)

oo
i
il

=
i

C’ = dimensionless mean concentration found from
axial dispersion model

D = molecular diffusivity

D;, = axial dispersion coeflicient

k = reaction rate coefficient

N, = constant in mean concentration expansion, Equa-
tion (8)

Np. = dimensionless Peclet number = vz./Dy,

T = radial coordinate

r* = dimensionless radial coordinate = r/R

R = tube radius

R, = rate group = kz./v

v = mean velocity

z == axial coordinate

2, = reactor length

z,T = dimensionless reactor length = 2Dz, /vR? =
N Pe/ 24

« = parameter = kR2/4D

w, = eigenvalue

Superscripts

-+ = dimensionless variable

= refers to axial dispersion model concentration
Subscript
L = refers to value at end of reactor
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Methods of Predicting the Occurrence and Type of Fluid-Fluid

Equilibria in Binary Systems

In a recent paper (1) I presented a semiempirical
method (the D? method) by which gas-gas equilibrium
(limited mutual solubility of gases at temperatures above
the critical temperature of the least volatile component)
could be predicted for binary systems on the basis of criti-
cal data and experimental gas-gas equilibria results on
systems not necessarily containing either of the components
of the system whose behavior is in question.

Yol. 14, Neo. 5
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Yale University, New Haven, Connecticut

The types of gas-gas equilibrium are designated as type
I or I, depending on whether the p(T) critical curve, start-
ing from the critical point of the least volatile component,
has a positive or negative slope. Figure 1 shows the differ-
ence between these two types and usual critical curve be-
havior. The one shortcoming of the D? method is that it
does not predict what type of gas-gas equilibrium will oc-
cur. Another simple method that is in good agreement
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Fig. 1. p(T) critical curves in binary systems.
I signifies type ! gas-gas equilibrium; Il sig-
nifies type /I gas-gas equilibrium; and the
dashed curve signifies usuol critical behavior.

with the available data eliminates this restriction.

Before presenting this method I will clarify one point
relating to my original paper (1) and show how success-
fully my method has predicted systems tested since it was
devised, as well as how it relates to Schneider’s (2 to 5)
theoretical consideration of the phenomenon.

Originally, my definition of gas-gas equilibrium re-
stricted the prediction method to temperatures above the
temperature of the least volatile component. I listed four
systems (Water-nitrogen (6), water-carbon dioxide (7),
nitrogen-sulfur dioxide (8), and ammonia-metharie (9).
‘Water-n-butane (10) has now joined these systems for a
reason to be explained later) in Table 3 (I1) as having
experimentally shown gas-gas equilibria on the tacit as-
sumption that they would do so, even though their p(T)
critical curves were not investigated at temperatures above
the critical temperature of the least volatile component.
They were, however, investigated above the double homo-
geneous point, DHP in Figure 2.

At temperatures between Tprp and Ty and at pressures
between p; and ppup (see Figure 2), liquid-gas equilib-
rium occurs. At temperatures between Tpup and T, and
at pressures at or between ppup and pi1, a phenomenon
loosely called type II gas-gas equilibrium occurs; and at
temperatures above Ty, type II gas-gas equilibrium occurs,
as I have defined it.

It would now be clear to define as fluid-fluid equilib-
rium the phenomenon that begins at the pressure of the
double homogeneous point, ppur, in type II systems or at
the pressure corresponding to Tepyc in type I systems, ex-
tends to higher pressures, and continues at least as long as
the unbroken p(T') critical curve maintains a positive slope
in type 1 or type Il systems,

Further experimentation will confirm that these five sys-
tems do indeed show gas-gas equilibrium at sufficiently
high temperatures and pressures unless the critical curve,
at pressures above ppup but below pqj, is interrupted by
the formulation of a solid phase or bends backward
toward the critical temperature of the most volatile com-
ponent. This latter possibility is unlikely.

Whether fluid-fluid equilibria (gas-gas equilibria plus
those conditions represented by the crossed curve in Figure
2) can be predicted in a manner similar to that for gas-gas
equilibria is uncertain without more experimental data
[Kreglewski's (11) rule, however, is also applicable to
fluid-fluid equilibria]; but it is probable that the equilibria
can be so predicted for systems possessing the usual type
of double homogeneous point, which occurs when the
liquid-liquid critical curve intersects the gas-liquid critical
curve before the latter has passed over a pressure maxi-
mum (refer to curve 2 in Figure 3), and on gas-gas equi-
libria systems (with the possibility that a negative predic-
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Fig. 2. p(T) critical curve for a type Il system.

tion may in reality signify an unusual double homogeneous
point fluid-fluid equilibrium system).

This restriction is made since all the Y experimental
data in Table 3 (1), from which gas-gas, {assuming that
water-carbon dioxide and nitrogen-sulfur dioxide do show
gas-gas equilibria, such behavior being predicted for am-
monia-methane, water-nitrogen, and water-n-butane by the
D? method, as a consequence of the results on ammonia-
argon (12) and water-argon (13)] or fluid-fluid equilibria
predictions can be made, are for systems of type I or II,
but show a usual double homogeneous point. In the light
of Schneider’s (2 to 5) theory, which shows that a system
with an unusual double homogeneous point is a borderline
system, between usual critical curve behavior and fluid-
fluid equilibrium behavior and the inexactness of the D?
method (See later discussion), it is preferable to so restrict
the fluid-fluid equilibria predictions.

Fourteen systems [water-argon (13), helium-acetylene
(14), helium-ethane (14), water-ethane (15), helium-
nitrous oxide (16), water-benzene (5, 17), water-toluene
(17), water-n-heptane (17), water-n-pentane (17), water-
isohexane (I7), helium-nitrogen (18), helium-argon (19),
carbon dioxide-n-tridacane (4), and carbon dioxide-n-
hexadecane (4)] have been experimentally found to show
fluid-fluid equilibria since my original article was written.
Three systems showed an unusual double homogeneous
point [water-benzene (5), carbon dioxide-n-tridacane (4),
and carbon dioxide-n-hexadecane (4)], and fluid-fluid

Fig. 3. p(T) critical curves. The dashed curve

is the usual liquid-gas critical curve. The

solid curves represent the critical curves near

the intersections of the ligquid-gas and liquid-
liquid critical curves.
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equilibrium was predicted in each of the twelve permis-
sible cases [water-benzene (5) is a permissible case, since
it was predicted to show fluid-fluid equilibrium]. In the
first five cases the predicted gas-gas equilibria also have
been confirmed.

Other evidence favoring the method is that twenty
tested systems (4, 20 to 22) do not show fluid-fluid equi-
libria. Fifty-six systems are now known to conform to the
D2 trend.

Also, Schneider's (4) data on carbon dioxide-n. alkane
systems show that the larger the alkane, the more prob-
able is the occurrence of fluid-fluid equilibria in such sys-
tems. These results are in agreement with the D2 trend.

It should be noted that predictions are not made for
systems such as E-W on the basis of a prediction or result
on a system such as E-K, where W has a D? value greater
than that of E and K has a D? value less than that of E or
vice versa, since such predictions are apparently less re-

havior as well as to check the agreement between the D?
method and Schneider’s theory.

According to Schneider’s theory, the less the miscibility
of the components in the liquid phase (hence, to a first
approximation, the greater the difference in the D? values
of the components when one component is kept constant),
the more probable is the occurrence of fluid-fluid equilib-
rium. As the miscibility becomes progressively less, and the
D2 difference correspondingly greater, fluid-fluid equilibria
of type II and, in the extreme, type I are predicted.

In Table 1 helium systems are used as examples. Despite
some anomalies in the lower range of D2 values, the trend,
in agreement with Schneider, is from type II to type I be-
havior as the D? difference increases. Due to the approxi-
mation made, complete agreement could not be expected;
however, lack of an orderly change from type II to type I
behavior indicates that the D* method, even though it has
been shown to be correct in each of its tested predictions
(with the exception of the two carbon dioxide systems

TanLe 1. Tyre oF FLum-FLum EQuiLisria 1N HeELium SysteMs (1, 14, 16, 19). (1I? InpicaTES THAT 1F FLuip-FLup
EqQuiLiBriuM Exists, IT Is oF Tyeg II.)

Elcment or

compound He H2 Ne C5H14 N2 C4H10 CgHg Ar
D2 value,

atm. 11 63 131 170 173 205 228 244
Type oc-

curring — II? e I 11 I 1 I

liable than the type made in (I). Thus the criticism which
Tsiklis and Prokhorov (13) made of Kreglewski’s (11)
method, “ .. the value of D? for water is very large, so
that according to Kreglewski separation into layers should
always be observed in aqueous systems, which is extremely
doubtful,” does not apply to mine, since no predictions
can be made at present for a number of water systems, that
is, those for which the other component has a D? value
greater than 396 atm. [for example, ammonia, which does
not show fluid-fluid equilibrium with water (23)].

Schneider (2 to 5) has suggested that fluid-fluid equi-
librium is merely liquid-liquid equilibrium displaced to
higher temperatures and pressures. He states that ...
with systems with limited miscibility in the liquid phase,
the p(T) critical curve for liquid-liquid equilibrium ...
(can be) displaced to so high a temperature that it lies
in the region of the liquid-gas critical phenomenon; . ..
(then) the critical curve for the liquid-gas equilibrium . . .
no longer needs to proceed to the critical temperature of
pure component I (that of the more volatile component),
but can inflect and continuously go over to the critical
curve for liquid-liquid equilibrium”™ (3).

Schneider’s theory explains why fluid-fluid equilibrium
occurs even in simple systems such as helium-xenon (24)
and ‘why the p(T) critical curve which starts from the
critical temperature of the least volatile component has
never been observed to bend backward toward the critical
temperature of the most volatile component after it attains
a positive slope, even at pressures up to 15,000 kg./sq. cm.
(10).

Experimental data on carbon dioxide-n. alkane systems
(2 to 4) and on the water-benzene system (5) support
Schneider’s theory, but more experimental data are neces-
sary before it can be accepted. The theory, however, seems
promising.

Both Schneider’s theory and Kreglewski’s result, upon
which my prediction method is based, are derived from
liquid-liquid behavior, in particular liquid-liquid immisci-
bility. Indeed, Kreglewski’s result is based on Hildebrand
and Scott’s (25) means of determining liquid-liquid im-
miscibility. Therefore, it is of interest to determine whether
the D? method can be used to predict type I or type II be-
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CeHg CgHs CHy Xe
254 266 280

AIChE Journal

C2Hz COz N2O SOp CH3;0H NHj3
314 337 396 397 436 535 688

1 1 I 1 1 1 1 1 1 I

which show unusual double homogeneous points), fails to
consider important aspects of the phenomenon.,

There have been only a few previous attempts to pre-
dict the type of gas-gas or fluid-fluid equilibria that occurs
in binary systems. Rotts (26) method predicts only
whether or not type I behavior will occur, predicting this
behavior for H20-n-C4H10, HzO-CGHw, HzO-CeHM and
Hy0-CgHis and predicting that it would not occur for
water-nitrogen, water-carbon dioxide, water-argon (13),
or water-ethylene. Jones (27) predicted the course of the
critical curve, correctly predicting type I behavior for the
helium-n-butane system but erroneously expecting all

- helium systems that show gas-gas equilibrium to be of

type 1. Zanderbergen, Knaap, and Beenakker (28) pre-
dicted type I behavior for helium-xenon and heljum-kryp-
ton, but incorrectly predicted no fluid-fluid equilibrium for
helium-argon.

Since all systems that show fluid-fluid equilibria other
than helium systems are of type II, a method of predicting
merely whether helium systems will show type I or type II
behavior is required.

[Tsiklis and Maslennjkova (10) reported that the water-
n-butane system shows type I gas-gas equilbrium; however
Danneil (15, 29) showed that this system is indeed of
type II, having a 351°C. temperature at the double homo-
geneous point. Danneil’s measurements are accepted on the
basis of Connolly’s (17) type II results for water-n-pentane
and water-n-heptane, Danneil's own type II results for
water-ethane, and the trend of other fluid-fluid equilibria
results,

If Danneil's measurements are accepted, Rott's (26)
prediction for this system would not be correct, and thus
the D? method is left as the only one which has so far
proved correct in each of its (permissible) tested predic-
tions.

Lentz (29) observed type I gas-gas equilibrium for the
water-argon system; however Tsiklis and Prokhorov (13)
had found this system to be of type II in agreement with
Rott’s prediction. ]

If other than helium systems are found to show type I
behavior [as was suggested by Danneil, Todheide, and
Franck (29) for n-alkane-water systems from undecane
up and indicated by the measurements of Lentz (29)], a

Page 823



prediction method similar to that devised for helium sys-
tems could be formulated for them. The suggestion of
Danneil, et al. would be in agreement with the critical
temperature trend stated below if such behavior begins
with, or after n-dodecane, rather than with n-undecane.

Table 2 indicates the importance of the critical tempera-
ture in determining the type of fluid-fluid equilibrium be-
havior shown, as was suggested by Streett (30). If the
component other than helium has a critical temperature
greater than 191°K., the critical temperature of methane,
type 1 behavior is shown and if it has a critical tempera-
ture less than 191°K., type II behavior is shown. In gen-
eral, the greater the difference between the critical tem-
peratures of the components, when one component is kept
constant, the greater is the probability that type I gas-gas
equilibrium will. occur.

The only helium systems that have experimentally failed
to confirm the method are those which contain complex
molecules which are, perhaps by chance, fluorine com-
pounds: sulfur hexafluoride (I4), chlorotrifluoromethane,
trifluoromethane, d,d-difluoroethylene, and CH, = CF;
(16). With the exception of these fluorine systems, the
predicted and observed behavior agrees in each of the
fifteen cases for which data are available. By using this
method in conjunction with the D? method will make pos-
sible the prediction of first, whether fluid-fluid equilibrium
or, in particular, gas-gas equilibrium will occur and, sec-
ond, of what type it will be.

TasLE 2, PREDICTED AND OBSERVED TYPEs oF Fruip-FrLuip

EouiLiRIA IN HELIUM SysteEMs (3, 14, 16, 18, 19, 24, 27),

(11? INDICATES THAT IF FLuip-FLUID EQUILIBRIUM EXISTS,
1T 15 OoF TyeE IL.)

Component other Type found

p1 = critical pressure corresponding to the critical tem-
perature of the least volatile component at a pres-
sure below that of the.double homogeneous point

pu; = critical pressure corresponding to the critical tem-
perature of the least volatile component at a pres-
sure above that of the double homogeneous point

T = temperature

T., = critical temperature of the most volatile compo-
nent

T, = critical temperature of the least volatile compo-
nent

Subscripts

= at the critical point

c =
LVC = least volatile component
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