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Two predicative theories for superheating limits of a boiling liquid are
considered in this work. TIn the nucleation picture, classical homogeneous nuclea-
tion theory is used to calculate superheating temperature at various pressures. In
spinodal decomposition picture, stability limits are taken as the superheating
temperature. A perturbed-hard chain equation of state was developed and used
for the purpose of calculating mechanical stability limit. Calculations are done
for the case of normal hexane at different pressures and compared with experi-
mental results. Classical nucleation theory gives good prediction at negative and
smaller pressures. While near critical pressure, spinodal picture seems to be

more accurate,

-INTRODUCTION

When a liquid is heated under constant

pressure it will eventually reach the
liquid-vapor equilibrium point where the
chemical potential of the two phases x and
o are equal. Usually, a superheating limit
of the liquid can often be observed, in

which the metastable region u>>x° can be
reached. FExperimental investigations of
superheating behavior were first done by
Moore"?, Wakashima and Takata®, and later
extensively by Skripov and co-workers®=".
If care was taken in excluding all impur-
ities, a characteristic superheating temper-
ature limit can be observed, for given
pressure, to within 1°. At superheating
limit, a sharp “ping” can be heard when
the liquid vaporizes explesively.

Scientific explainations of the super-
heating of liquid generally follow two
distinctly different approaches. One ap-
proach is that of homogeneous nucleation
theory* ', in which the kinetic limit of
the formation of critical nuclei is consid-
ered. Because the exponential dependence

of nucleation rate of energy barrier of
nucleus formation, a superheafing' temper-
ature of liquid can be calculated at which
rapid increases of nucleation rate com-
mences. Nucleation rate theory has been
applied to the prediction of superheating
by many authors**®,

The second approach considers the
mechanical stability limit of the system.
According to Gibbs thermodynamic crite-
rion, metastable region requires that

(QE) <<0. The superheating limit corres-
avV/r

. . (OP ..
ponds to the hmlt(BTf),-=0’ e. g, the mini-
mum in the Van der Waals “loop”. Such
Outside this
limit, any small density fluctuation will
lead to “explosive” growth of new phase.
The states between equilibrium point and
metastable limit are the metastable states,
Such approaches have been considered by

limit is called spinodal limit,

several authors'’~'*? before.
needs a very good equation of state for
the purpose. Recent advances®*? in statitical

Obviously, one

thermodynamics have produced very ac-
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curate equation of state for normal liquids.
Particulariy, Prausnitz*»*®® has developed
a Perturbed Hard-Chain theory for fluids
containing polyatomic moelecules. The
theory generalizes Van der Waals theory
to include both rotational and vibrational
degrees of freedom. It has been shown to
be particularly useful for normaI_hydro-
carbons. We shall use this theory in this

paper to consider the spinodal limit.

It is obvious that, the spinodal limit

should provide an upper bound to the
nucleation temperature. But one can doubt
whether one observes nuceation or spinedal
decomposition in an actual experimental
superheating limit. Most people believe
that homogeneous nucleation was observed
in liquid system because it is “rapid”.
However, recently there are some doubts
about this view. At high pressure, near
critical point, it may happen that dynamical
processes in liquid may become so slow
that nucleation becomes too slow to be
observed. One has the possibility of going
all the way to spinodal limit. )

It is the purpose of this paper to
examine both apprdaches for the system
n-hexane for which planty accurate ther-
We have
been able to build accurate eguation of

modynamic data are available.

state based on perturbed Hard-Chain theory
for n-hexane. We then apply both classical
Volmer-Déring nucleation theory and me-
chanical stability criterion for the system.
The results are compared with experimental

superheating data.

SPINODAL LIMIT

In this section, we calculate the me-
chanical stability limit of Van der Waals
.uloop”, . g'

(55, )

The superheated liquid states are found
on P-V isotherm between the saturated
liquid and the minimum on the Van der
Waals “loop”. This limit is where any small
density fluctuation will lead to immediate

i p,_hase, separation—spinodal decomposition.

For this purpose, we need accurate equation
of states for polyatomic liquids. Recently,
Prausnitz*»*» developed Perturbed Hard-
Chain Theory (PHC) based on generalization
of the classical Van der Waals theory. The
equation of state gives, especially good
liquid densities and vapor pressure. For
normal hydrocarbons and polymers, PHC
uses only three adjustable parameters while
taking into account of vibrational-rotational
degrees of freedom of polyatomic rnolecules.
We will use PHC for normal hexane; by
fitting vapor pressure and critical peint
data we can get the three
parameters.

adjusting

Like the classic Van der Waals theory,
PHC builds the equation of state by sep-
arating contributions into two parts (a) the
reference hard-chain (b) the perturbation
to internal energy due to attractive force.
The compressibility factor of the real liquid
Z is related to that of a reference hard-
chain system, Z, by

Z=Zo= Ry L=RT (2)
where v is molar volume, ¢ is the analog
Van der Waals (VDW) constant.

Z, is calculated by Carnahan-Starling
equation of state with Prigogine's cor-
rection of vibration-rotational degrees of
freedom®”. 3C is the total numbers of
external degrees of freedom. The result is
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— o e/D)=2c/T) ;
Z,=1+C U=c /3y (3)

Here 7 is the reduced volume given by

v
Tv*

=

(4)
v* is the closed-packed volume per segment
of a r-segment molecule.

r=v 2 /6 (5)

The VDW constant “¢” was given by
Prausnitz®" as

a=—R(€—§)(TU*);‘_- %{3 m-{.lffn) L

nal m=l U

Tl-l
(6

where eg is energy parameter, k is the
Boltzman Constant, T is the reduced

temperature
T=-EL (7)

A.. are tabulated constants given by
Prausnitz. The three fitting parameters
are eg, 7o* and ¢

For data reduction, we use primarily
vapor pressure and critical point data; this
is consistent with our purpose of gaining
accurate description of the two phase
region. Therefore, PVT data were not used.
For vapor pressure data of n-Hexane, we
used the values compiled by J. H. Weber™.
The isotherms of PHC are calculated for
temperatures helow critical point, and
saturated vapor pressures were calculated
by Maxwell’s Construction. The results of
the fitting are eg/k=612.4°K, ro¥=87.33
cm*/mole and C=1.91.

pressures are listed in Table 1 and compared

Calculated saturation

with experimental data; the root mean
square deviation is 2.38% over the tem-
perature range of T=400°K to critical
point. The fittings are somewhat better

Table 1. Vapor Pressure of n_-Hexane

T (°K) P {calc) (atm) ; P {exp)¥ (atm)
400 4.38 i 4.56
420 6.60 6.75
440 9.72 ' 10.03
480 13.92 13.99
480 19.12 19.49
- 500 26.271 26.35

* Experimental values are interpolated from data
of references {5), (25).

in the higher temperature range. The
calculated critical point is P.=28.9 atm and
T.=507.4°K, compared with experimental
value of P.=29.8 atm and T.=507.8°K. The
results of the calculated vapor pressure are
shown in Fig. 1 together with experimental
data.

After the equation of state is found, it
is straightforward to apply the condition
Eq. (1) to obtain the spinodal limit which
gives the limit to metastable region. The
results are shown in Fig. 2. One can see
that the mechanical limit does provide an
upperbound to superheating and approach

experimental superheating at higher
pressure.
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Fig. 1. Saturated Pressure of n-Hexane.

O Experimental data from reference (5}

@ Experimental data from reference (25)

+ Caleulated from perturbed Hard-
Chain theory
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Fig. 2. Superheating limit of n-Hexane.

& Experimental data from reference (4).

@ Calculated from classical nucleation
theory

+ Calculated from mechnical stability
limit of the Perturbed Hard-Chain
theory equation of state

A Egquilibrium vapor pressure

B Best fit to the "@" points

NUCLEATION LIMIT

According to classical nucleation the-
ory'?, limit of superheating occurs at a
point where the nucleation rate rises very
sharply. Kagan'® has derived an expression
for I, the rate of nucleation, i e, number
of critical nuclei per unit volume per unit
time which continue to grow to macroscopic
size

I=1I, exp (—E*/kT) (8)
where E* is the potential barrier to be

crossed. E* is given by a thermodynamic
analysis as'

47 2

E¥t=—qrt (9)

o is the surface tension and r. is the
radius of critical bubble given by
2

ad
Te

P.=FP,+

{10

P, is the ambient pressure and P. is the

equilibrium pressure inside the critical size
bubble. Usually, saturated pressure P, is
measured under its own pressure which is
different from P. (unper higher pressure
FP.). P, can be estimated from P, from the
relation

(80, =%r an

f is the fugaeity and v, is the molar volume
of the liquid. Integrating Eq. (11), yvields

fo i P _ Pe—P, _v(Pe—P)

ln-g-=In—p-=— RT
(12}
Therefore,
—=(P.— ~ P
Pe—Py=x(P,—P)) (1~
_ Zu, '
_(P.an)(lu—v'—) (13)

With Egs. (9), (10), (13), the energy barrier
height in the exponential term of Eq. (8)
can be calculated from surface tension data
and saturation pressure.

For the pre-exponential kinetic factor
I, we use the result of Kagan in the form
of '

l,=3N, v/ /AT
| (14)
v,=v8kT /nm
m is molecular mass and N, is Avogadro’s
number. .

Since . I rises very sharply at the
nucleating point, one can choose an arbi-
trary rate  [=10'nuclei/(cm’+sec) as. the
eritical nucleating rate at the observed
nucleating point. With this criterion, E¥/;T
is about 60. The degree of superheating is
not sensitive to the choice of critical
nucleation rate, even if 7 is increased by a
factor of 10%, change of nucleation tem-
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perature is only about 1°K.

For saturation pressure, we -use the
values obtained from ﬁreyious‘section. The
surface tensions of n-hexane are calculated
from experimental data as*®

iy

E U=UQ(I_T .
.=52.33 dynejcm o (18)

T. is critical temperature. . :

The calculated superheating limits are
shown in Fig. 2 together ‘with those
calculated from section I The crosses
are the spinodal limits, ci:c'leshare calculated
from nucleation theory and dots are the
experimental data of Skripov*.

RESULT AND DISCUSSIONS

From Fig. 2, one can see classical
nucleation theory agrees very well the
experimental superheating limits for tem-
perature below T/T.=0.95 {T'=483°K here).
The mechanical stability limit provides
upper bound to the superheating limit,
which is expected. The agreement with
nucleation theory for temperature above
T /T.=0.95 is less clear cut; there are two
experimental data of superheating temper-
ature higher than that predicted by
classical nucleation theory. This may
indicate a transition from kinetic limit
(Nucleation theory) to mechanical stability
(spinodal decomposition) situation. Theor-
etically, one would expect the kinetic
process will slow down near critical point.
If one gets near enough to the critical
region, the nucleation process may be slow

enough that is not observed; then the -

spinodal decomposition picture will be the
proper one. However, due to lack of enough
data, one can not really say very much at

this point. Further investigation of boiling
near -critical region 1is certainly very
desirable. One should note here that there
are several other examples” *? in the
literature shows that experimental super-
heating is. larger than that predicted by
nucleation theory. Often they do not
receive much ) a_tteﬁtion under prevailing
believe that nucleation theory works “well”.
We would like to "suggest that the
alternative spinodal ‘decomposition process
should be looked into more carefully. Unlike
in vapor condensation, nucleation processes
are i:_ompara_tively slower in boiling and

.they may not happen in an actual super-

heating situation.
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