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The work reported in this paper is an outgrowth of an exploratory investigation of the 
feasibility of spray drying of materials in solution by using direct-contact heat transfer 
from a hot liquid rather than a gas to vaporize the solvent from the drops. Unexpectedly, 
it was found that drops suspended in a hot liquid had to be superheated to a very extreme 
degree in order to initiate vaporization. This effect was of such interest that the investi- 
gation was modified to a fundamental study of the vaporization of drops containing no 
dissolved solids. The results are closely related to problems of bubble formation in boiling, 
cavitation, and in the evolution of gases from supersaturated solutions. The experimental 
technique developed in this study is believed to be unique and capable of giving quite 
accurate data on homogeneous nucleation in superheated drops. After a discussion of 
the theory of homogeneous nucleation in pure liquids, the theory is extended to the forma- 
tion of bubbles in superheated drops. The theoretical predictions were found to be in 
close agreement with the experimental results. 

Bubble formation in a superheated 
liquid is of current interest in chemical 
engineering because it is a fundamental 
process in heat transfer by boiling ( I ) ,  
cavitation in high-speed liquid flow (Z), 
and ultrasonic cavitation in liquids (3). 
The term superheated liquid refers to a 
liquid a t  a pressure lower than the 
equilibrium vapor pressure correspondbig 
to its temperature. In ordinary boiling 
and flow cavitation, bubble formation 
usually occurs a t  a solid surface in con- 
tact with the liquid and is influenced by 
gas bubbles on the solid surface. However 
because the physical conditions a t  the 
liquid-solid interface are not completely 
understood, no theory has been developed 
which accurately predicts the conditions 
for bubble formation at solid surfaces. 
Attention has turned, therefore, to bubbIe 
formation in the body of a superheated 
liquid, uninfluenced by solid surfaces or 
gas bubbles, as a distinct limiting case 
more susceptible to theoretical treat- 
ment. The theory of bubble formation 
under these conditions is one aspect of 
the theofy of homogeneous nucleation. 
This theory should be directly applicable 
to ultrasonic cavitation in gas-free 
liquids and is expected to be of value as 
a starting point for a more general 
theory of nucleation applicable in the 
presence of solid surfaces, suspended gas 
bubbles, and dissolved gases. 

The theory of homogeneous nucleation 
predicts the rate of bubble formation in 
a superheated liquid. Since pressures 
well below the equilibrium vapor pres- 
sure are required to produce bubble for- 
mation through homogeneous nucleation, 
the production of even one bubble in 
an isolated mass of superheated liquid 
is usually sufficient to raise the pressure 
to the vapor pressure or to permit all 
the liquid to vaporize. For this reason 
measurements of the rate of bubble 
formation are made by observing the 
length of time required for a single 
bubble to form at fixed conditions of 
liquid temperature and pressure or by 
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gradually changing these conditions at 
a steady rate until the liquid mass is 
disrupted by the formation of a single 
bubble. The set of conditions of tempera- 
ture, pressure, and composition at which 
the rate of bubble production becomes 
large enough for a vapor bubble of 
detectable size to form within the time 
of observation is called the superheating 
limit. Attempts to measure the super- 
heating limit (4, 6, 6, 7 ,  8)  have shown 
that liquids can be subjected to pressures 
as much as 100 atm. below the vapor 
pressure without the formation of vapor 
bubbles. A thorough check of theory 
against experiment has not been possible 
because previous experimental results 
have been capricious and nonreproduc- 
ible, leaving doubt as to whether vapori- 
zation occurred through homogeneous 
nucleation, through the action of tiny 
gas bubbles trapped on vessel walls, or 
through some other external influence. 

This paper presents the results of a 
reexamination and modification of the 
theory of homogeneous nucleation in 
superheated liquids as developed by 
Doring (9), Volmer (lo), Frenkel ( I I ) ,  
and Takagi (12) and the extension of the 
theory to bubble formation in super- 
heated drops freely suspended in another 
liquid, together with the results of new 
experiments which are in close agreement 
with the modified theory (IS). In these 
experiments the superheated liquid was 
dispersed into drops in another liquid, 
which minimized the effects of external 
influences and thereby made possible 
reproducible measurement of the super- 
heating limit. 

THEORETICAL DEVELOPMENT FOR A 
SINGLE-PHASE SYSTEM 

The chemical potential of a super- 
heated liquid is higher than that of the 
same substance in the bulk vapor state 
at the same temperature and pressure. 
Consequently if such a bulk vapor phase 
were permitted to contact the super- 
heated liquid, and the temperature and 
pressure were maintained constant, the 

liquid would vaporize into it completely. 
However, in the absence of contact with 
such a bulk vapor phase and in the 
absence of other external influences the 
liquid in order to vaporize must itself 
generate the vapor phase. To do this, 
very small regions of vapor in the liquid, 
called embryos or nuclei, must first be 
formed. The unbalance of intermolecular 
forces accompanying the formation of 
these vapor nuclei surrounded by liquid 
causes the free energy of the liquid and 
vapor to be greater than that of an  equal 
mass of liquid. Thus the thermodynamic 
reason for the existence of the meta- 
stable superheated state is that the forma- 
tion of the first elements of the new phase 
requires a temporary increase in the 
free energy of the system. 

The effects of intermolecular forces 
appear thermodynamically in the excess 
free energy of the surface and in the free 
energy of the vapor molecules in the 
bubble. The vapor molecules have high 
free energy per molecule relative to the 
liquid because they are under pressure 
higher than thc equilibrium vapor pres- 
sure corresponding to the liquid pressure 
and temperature. The higher pressure 
results from the curvature of the bubble 
surface and the surface tension of the 
liquid. An embryo that is not too small, 
containing perhaps a few dozen molecules, 
can be expected to assume a spherical 
shape under the influence of the inter- 
molecular forces. If such a bubble formed 
in a moderately superheated liquid, it 
would tend to collapse, accompanied by 
a decrease in the free energy of the system 
(the bubble and the surrounding liquid). 
However if, instead, the bubble should 
continually increase in size by adding 
molecules to the vapor phase, the pres- 
sure in the bubble would fall and the 
free energy of the system would increase 
until the bubble reached a certain radius, 
called the critical radius. At this bubble 
size the free energy of the system reaches 
a maximum, and the chemical potential 
of the vapor is equal to that of the liquid. 
On further increase in the radius and in 
the number of molecules, the pressure in 
the bubble would continue to fall, but 
the chemical potential of a molecule in 
the vapor would now be less than in the 
liquid, whereupon the bubble would tend 
to grow until all the liquid vaporized or 
the pressure in the liquid rose to the 
vapor pressure. 

According to nucleation theory, the 
nuclei come into existence and grow 
through spontaneous statistical fluctua- 
tions in the density of the liquid, which 
arise from the thermal motion of the 
liquid molecules. In theory nuclei also 
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exist in nonsuperheated liquids, but the 
free energy of the system continually 
increases with bubble size because the 
molecular chemical potential in the vapor 
never becomes less than in the liquid. 
Consequently these bubbles do not grow 
to visible size. The following method of 
calculating the rate of production of 
visible bubbles through density fluctua- 
tions is based on the theory originally 
presented by Doring and later given a 
more extensive treatment by Volmer (10) 
in his book on the kinetics of phase 
transitions. The form of their presenta- 
tion with certain modifications will be 
followed here. 

BUBBLE FORMATION FREQUENCY 

Doring and Volmer considered a vapor- 
ization process in a liquid a t  fixed tem- 
perature and pressure, with bubbles 
increasing and decreasing in size in a 
random fashion, due to local fluctuations 
in the energy of the molecules. In this 
process some bubbles vanish, others arise 
from homogeneous liquid, and some grow 
until they contain a number of molecules 
n,, which is somewhat greater than the 
number n, in a bubble of critical radius 
corresponding to the existing temperature 
and pressure in the liquid. The bubbles 
containing n8 molecules are considered 
removed from the liquid and an equiva- 
lent number of liquid molecules is added. 
The number of bubbles removed per 
unit time and volume is the nucleation 
frequency or bubble production rate. 
The bubbles which participate in these 
processes form a number distribution of 
bubbies of all sizes from those containing 
only a few molecules up to those con- 
taining n, molecules. This distribution 
Z(n)  is the number of bubbles containing 
n molecules in unit volume of liquid. 

The elementary microscopic process 
of growth is considered to be the transfer 
of a single molecule from liquid to vapor 
in a bubble containing n molecules to 
produce a bubble containing n + 1 
molecules and the reverse for the process 
of collapse. The total area per unit 
volume available for the vaporization 
process is Z(n)S(n) and for the condensa- 
tion process Z ( n  + 1) S(n). It is con- 
sidered that at the moment the condensa- 
tion process takes place, the effective 
area for condensation is equal to the 
area of the bubble after condensation 
because the finite size of the condensing 
molecule makes the effective radius 
smaller. The net flux of molecules between 
the two bubble sizes in unit volume of 
liquid in time dt is 

J(n,  t)  d t  = [Z(n, t)S(l~)Wt(n) 

It is now assumed that the average 
value of Z(n) does not change with time, 
under which condition J is not a function 

of time and is also not a function of n. 
The net rate of formation of visible 
bubbles is then equal to the difference 
between the rates of the two opposing 
processes for any size bubble, since every 
time a bubble grows to contain n, mole- 
cules and is removed, there has been a 
net flow of one bubble through each size 
to produce it. With this assumption the 
above equation reduces to 

J = Z(n)S(n)W,(n) 

- X(n + l)S(n)Wv(n + 1). (1) 

One defines the quantity P ( n  + 1) = 
WL(n)/Wv(n + 1) and introduces it 
into Equation (1) to obtain the first- 
order linear difference equation 

which has the solution 

The removal of bubbles containing n, 
molecules makes 

small compared to Zn0. Thus one obtains 

The quantity pi is the ratio of the 
probability of the transfer of a molecule 
in a bubble containing i molecules from 
the vapor phase to the liquid to that of 
its return from the liquid to the vapor. 
This ratio may be evaluated by use of 
the following arguments. I n  accordance 
with classical statistical mechanics, the 
proportion of time a particle spends in 
each of two accessible regions of phase 
space is equal to the ratio of the total 
partition functions for the particle in 
the two regions. Further the probability 
of transition of a particle from one region 
to the other is inversely proportional to 
the mean residence time in that region, 
that is, the longer a particle stays in 
one region on the average the less likely 
it is to leave within a given time interval. 
This is expressed by the relation 

total Partition function 
wII tin, per mdecule for region I 
wI tII, total partition function 

- - 

per molecule for region I1 

In addition, the chemical potential of 
a molecule in each region is given by 

UI _ -  

Thus 

total partition function pcr 

and 

FREE ENERGY OF BUBBLE FORMATION 

As pointed out by Takagi (12), the 
magnitude of the Helmholz free energy 
required to form a bubble containing n 
molecules from a bubble containing no 
can be calculated by summing the dif- 
ference in chemical potential as each 
molecule is brought in turn from the 
liquid into the vapor. Thus at constant 
system temperature and liquid pressure 

n 

AA, - AA,, = C (?(i - ~ 1 , )  (7) 

Now the thermodynamic development 
of the free energy of formation of the 
bubble containing n molecules from a 
bubble containing no molecules actually 
need have no reference to bubbles as 
such but rather need refer only to the 
thermodynamic states of the molecules. 
Consequently the states need not be 
recognizable as bubbles for Equations 
(6) and (7) to apply; it is necessary only 
that the states be characterized by the 
number of molecules they contain and 
+at there be some path available for 
transition between them. Therefore the 
liquid state can be thought of as being 
made up of bubbles containing one mole- 
cule and can serve as the reference state. 
For this state AA,, is zero, and Z,, equals 
the reciprocal of the volume per molecule 
in the liquid. Introducing Equations (6) 
and (7)  into Equation (4) with these 
values for AA,, and Z,, one obtains 

I = 7"" + 1 

The above interpretation is a departure 
from the presentation of Volmer and 
Doring, who concluded that the proper 
reference state should be a bubble con- 
taining no molecules, that is a hole the 
size of a molecule in the liquid. The 
present interpretation is that the smallest 
embryo is simply a molecule in the liquid 
state. The exact mechanism by which 
the transition from liquid to vapor takes 
place to form bubbles containing only a 
few molecules will not affect the calcula- 
tion of the bubble-formation frequency 
as long as the contribution of such transi- 
tions to the sum in Equation (8) is small 
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compared with the contributions from 
transitions between larger bubbles. The 
author postulates that this is so. 

To evaluate the sum in Equation (8) 
one uses the spherical bubble model. 
Volmer and Doring considered the vapor- 
ization probability per unit area W L  to 
be independent of bubble size. This 
follows from their assumption that the 
molecules in the liquid surface are in 
thermodynamic equilibrium with those 
in the main body of liquid, and so the 
chemical potential of the molecules at 
the surface is determined by the tem- 
perature and liquid pressure alone. This 
is probably not true for bubbles contain- 
ing only a few molecules, but it is neces- 
sary only that it be approximately true 
for transitions which make large con- 
tributions to the sum in Equation (8). 
Since the vapor in the critical bubble is 
in equilibrium with the liquid, UL is 
equal to the chemical potential of the 
vapor molecules in the critical bubble; 
thus from Equation (5) WL equals I v V k .  

Wvk was calculated by Volmer and 
Doring as the inem collision frequency 
of vapor molecules on unit area of transfer 
surface, derived from the kinetic theory 
of gases to be 

Volmer and Doring used the ideal-gas 
law throughout their development. This 
introduces sonic uncertainty in the 
results, and, since for many systems 
measurenients a t  pressures above atmos- 
pheric can be made only at reduced 
temperatures above about nine tenths, 
it is desirable to examine the effects of 
vapor nonideality. First the following 
assumptions in the derivation of Equation 
(9) and in its application to the present 
problem niay be examined : 

1. The translational contributions to 
the partition functions are separable 
from all other contributions. 

2. All contributions other than trans- 
lational are the same in the transfer 
region as in the main body of vapor. 

3. The particles are weakly interacting 
and have zero volume (ideal gas). 

4. No potential-energy difference exists 
between the transfer region and main 
body of vapor a t  any time or in any 
region of the transfer surface. 
The first two of these are good approxi- 
mations for simple molecules with the 
same structure in the vapor as in the 
liquid. It is impossible to assess the 
effects of vapor nonideality on the 
partition functions without knowledge of 
the cause of any difference in potential 
in the transition region over that in the 
main vapor phase. If there is no such 
difference other than the existence of a 
uniform potential field that does not 
affect the intermolecular potential, the 
ratio of the number of particles in the 
transfer region to those in the main 

body of vapor reduces to that for an 
ideal gas, and so Equation (9) is valid 
for nonideal gases also. Ideal gas law 
deviations can then be handled by the 
use of 

p V  = xnk?' (10) 
The restriction of no potential barriers 
means that there can be no steric hind- 
rance repulsion effects or delays in 
transfer of excess translational energy 
to the liquid as the molecule passes from 
liquid to vapor and that the potential 
energy of a vapor molecule is always 
decreased on approaching the force 
field of the liquid surface. Potential 
barrier effects should be assessed for 
each individual vapor-liquid system, but 
the restriction should be satisfied for 
most nonpolar substances of simple 
structure. From these considcrations 

is obtained. 
The quantity Ail, has been evaluated 

in accordance with the spherical bubble 
model in terms of the radius of the bubble 
r,, and the pressure p ,  within it for a 
vapor following the ideal gas law [Takagi 
(l@l 

For a vapor following the gas law, 
Equation (lo), the equation for AA, is 
different only in that the vapor pressures 
are replaced by fugacities. This equation 
is only valid for r, and n sufficiently 
large for the spherical bubble model to 
be a reasonably close approximation to 
the actual state of the embyro. It is 
then independent of vapor nonideality 
for r equal to r k ,  except insofar as non- 
ideality affects r k  because the first term 
on the right-hand side vanishes and the 
second term depends only on the bubble 
radius and the surface tension. In  adopt- 
ing Equation (12) and later Equation 
(15) one must assume that the Gibbs 
theory of capillarity is adequate for 
this model and tha t  in making numerical 
calculations one can use the macroscopic 
value of the surface tension without 
excessive error. 

Now an examination of the terms of 
the sum in Equation (8) according to 

of the sum. Consequently the failure of 
the model a t  small values of n is im- 
material as long as nk is reasonably 
large. Further, in these significant terms 
the ratio f n / f k  will be nearly one, and, 
since the first term on the right hand 
side of Equation (12) is smaller than the 
second in this range, f n / f k  can be replaced 
by p J p k  without noticeable error. For 
this reason nonideality of the vapor does 
not have a large effect on the work of 
formation even close to the critical 
point. 

Since the terms of the sum reach a ~. 

sharp maximum a t  n equal to nk, one 
may expand the logarithm about this 
point in powers of x = 1 - (?&j) and 
neglect powers of x higher than 2 to 
obtain 

%-- '*' 11 - (3 - i))z2] (13) kT - k7' 
in which b = 1 - ( p L / p k ) .  For nk 5 100, 
there are a t  least one hundred terms for 
which 0.8 < rn/rk < 1.2 in the sum of 
Equation (8). Consequently the sum 
may be replaced by an  integral, and 
because of the sharp maximum the limits 
may be extended from - 03 to f 03 : 

(") dr" dr* 

in which r* r, /rk.  Again using the 
gas law, Equation (lo), and the condition 
of mechanical equilibrium 

one may evaluate the derivative - 

in which x* = z,/zk. On introducing 
Equation (16) into Equation (14) and 
noting that dr* = -clz one obtains 

. exp (-* (3 - b)z2).dx (17) k2' 
As previously noted, the entire significant 
contribution to the integral in Equation 
(17) occurs in the region of 2 close to 
zero. This is the justification for extending 
the limits of integration to infinity in 

the model reveals that they reach a 
sharp maximum a t  n = n k ,  and, for 
nk 3 50, only terms for which 0.8 < 
r,/rk < 1.2 are significant to the value 
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both directions and will further justify If zk is set equal to one and (a  In zy'a In p )  
the substitutions r* = 1 and x* = 1, and is set equal to zero, this result reduces 
the evaluation of (d In zn/a In p , , ) ~  at to that given by Volmer except that it 
p,, = p k  in the coefficient before the contains no term involving the latent 
exponential. The asymptotic value of the heat of vaporization of the liquid: 
integral for large nk obtained by inte- 
grating with these approximations may 
be introduced into Equation (17) to give 

Now if uAC > uAB + uBC, the force 
related to u A C  is able to overbalance 
both of the forces related to uAB and 
uBC, and the bubble would enter into 
the drop. If uBC > UAC + uAB, the bubble 
would be expelled into the surrounding 
liquid. If both UAC 5 U A B  + uBC and 
uBC 5 uAB + uAC, the lens would remain 
at the interface. The following analysis 
applies to the first-mentioned case, that 

The quantity A d k  is obtained by is uAc > UAB + U B ~ .  In this case the 
evaluating Equation (12) for the critical vaporization process should occur by 
bubble: formation of spherical bubbles in the 

4 The presence of two components will 
- k - 3  (21) be treated by assuming the two liquids 

to be almost totally immiscible; that is, 
there is very little of the suspending 
liquid in the superheated drop but 
enough to make the total vapor pressure 

The quantity (a In z / d  In p ) ~  ap- and equating when the equilibrium of the drop equal to the sum of the vapor 

(20) rm(3 - 6) VL 

interior of the drop. 
A A  - -ark2u 

The critical radius is in turn evaluated 
by expressing the chemical potentials of 
vapor and liquid as functions Of pressure 

difference in pressure is reached. The 
results, valid for- nk not too small, is 

S, 

(18) 6(3 - b) 

DEMOUNTABLE 

FEED TUBE no1 i h a n  

STRIP HEATEW- 

PHASE A 

Equations (19), (21), and (22) permit 
any one of the quantities J ,  T, or PL 
to be calculated from the other two for 
a pure substance, with the limitation 
that b must be somewhat less than 3. 
The mathematical approximations used 
to derive Equation (19) are not valid 
for b close to or greater than 3, and the 
upper limit nS - 1 on the sum in Equa- 

, tion (3) must be evaluated somewhat 
differently (12). 

It should be emphasized that the fore- 
going equations and development apply 

to establish the modifications required 
for comparison with the experimental 
results, the extension of the theory to thc 
particuhr type of two-component system 

graphs. 

NUCLEATION OF BUBBLES IN DROPS 

GLASS WINDOWS 

STRIP HEATER 

only to one-component systems. In  order ILL ING PORTS 

~ i ~ .  1. Vapor lens at the surface of a drop. 

proaches large negative values as the 

peratures; however it is only -0.6 at 
T, = 0.9. The effect of this term is to pressures of the individual components. 
make dn/dr* smaller and thus to make Further, the vapor solution will be 
the frequency of bubble formation given assumed to be ideal, as expressed by the 
by Equation (18) smaller at a given 
value of Pr, or b than would be obtained 

term omitted will then predict the 
nucleation pressure to be at a higher 
pressure than when it is included. How- 
ever, because of the value of b 
near the critical point, the inclusion of 
the derivati\re actually makes little 

in the nucleation frequency 
and far less in the nucleation pressure. 

and & = h r k 2  are substituted into 
Equation (8), one finds that 

JF.$. exp( -$) 

CENTR 

Fig. 2. Schematic sectional view of pressure 
cell. 

temperature approaches the critical tern- used is presented in the following para- 

The application of the foregoing 

heated drops is complicated by the 
presence of two components and of the 
liquid-liquid interface. It is possible for 
a vapor bubble to form either at the 
interface or in the interior of the drop, 
depending on the mechanical stability of 
a vapor mass at the interface. A bubble 
at the interface would be lens shaped 
(Figure l), with spherical vapor-liquid 

fn  - Y ~ ~ { P P - ,  (25) of the drop. The stability of thc lens is 7 - determined by the surface tensions a t  
the lens edge, uAB, U A ~ ,  and f f B C .  The for each component. From thermo- 
subscripts refer to the spherical surfaces dynamic reasoning one may expect that 
between the phases; phase A is the drop, the steps in the vaporization process will 
phase B is the surrounding liquid (field occur in the order of smallest free-energy 
liquid), and phase C is the vapor lens. increases; that is molecules of component 

by omitting it. Equation with analysis to bubble formation in super- f a  = Y u f a '  f b  = Y 6 f b a  (23) 
Since 

fan = VanOPn and f 6 :  = v6n0?)n (24) 
the free-energy increase as each molecule 
vaporizes is given by the difference in 
chemical potential of its initial and final 
states in the form 

When Equations ('O)' (")' (15)1 (")' surfaces which intersect at the surface u, - uL 
- In- - In- 

f k  Y k v k  pk 

J- (19) 
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Fig. 3. Vaporization pressures for commercial-grade 
Freon-12 drops. 

a will vaporize into a bubble until the 
free-energy increase resulting from the 
vaporization of a b molecule is less than 
that for another a molecule in the absence 
of the 6 molecule. The  free-energy in- 
crease of the next a molecule t o  vaporize 
will be less than that for the same mole- 
cule if the b molecule had not vaporized 
because of the entropy increase accom- 
panying the change in composition. Con- 
sequently it is reasonable to  assume that 
for any size bubble the chemical potential 
differences for vaporization are the same 
for the two kinds of molecules and 
further that the composition of the vapor 
is the same as in the  critical bubble. 
With these assumptions the work of 
formation of a bubble is given by Equa- 
tion (12) as before. Further, although 
the individual transfer probabilities in 
an embryo are different for the two kinds 
of molecules, the ratio of transfer prob- 
abilities is the same for both kinds: 

8, = exp (u,, - u3, 
= exp (un - udb 

It may be noted that although the 
vapor was assumed t o  be an ideal solu- 
tion and the mole fractions in the vapor 
to  be constant in  the redevelopment of 
Equation (12) for the two-component 
system, AAk is given by  Equation (21) 
irrespective of nonideality in the system, 
except insofar as nonideaIity affects r k .  

This is due to  the fact that once the 
critical radius of the bubble is fixed, 
mechanical considerations govern the 
bubble shape and the pressure within it 
and that  the chemical potentials of the 
vapor molecules are  the same as in their 
reference state, the liquid phase. 

The critical radius may be obtained 
as before, with the assumption that the 
vapor pressures are additive. Thus 

r 1 

The rate equations for the  net  flow 
of bubbles may now be constructed as 
before, bu t  the solution separates into 
two terms, one for eacll type of molecule: 

where an N rnoleciile 
t ransfers) 

+ "2 
?I=,$" 

(only values of n 
wlicre R I r  molecule 

Freon-12 (dichlorodifluoromcthane) into 
degassed distilled w:tt,cr in a. pressure cell 
and, with temperatrirc: held constant, 
slowly releasing the pressure until scvcral 
drops of a predetermined size vaporized 
simultaneously. The apparatus and tech- 
niques for thc measrircmcmt of vaporization 
pressure and of physic:d properties ncccs- 
sary for comparison with the pressures 
prctiictcd by theory me briefly described 
here. 

The pressure cell (Figure 2 )  was a liquid- 
Icvel gauge made of type416 stainless 
stcel, with Tcflon-impregn:ited Fibreglns 
gaskets. Stcd bloclis were silvcr soldcretf 
to the cnds of the chambcr section and 
covers to iricreasc the thermal capacity 
and minimize tcmpcratiire gradients in thc 
chamber section. Electrical strip heatcrs 
were attached to the edges of the chamber 
and covers. One-half-inch tJ-pe-316 stain- 
less stecl pipe nipples passed through the 
end blocks and connected thc chamber to 
fittings for the nnhcatcd parts. The cell 
was mounted in a U frame having sleeve 
bearings to pcrmit inverting the cell for 
measurements with drops rising or falling. 

Drops were produced by compressing 
liquid Freon-12 in feed cylinders with 
screw operated pistons, then releasing the 
pressure through a midget needle valve 
connected to a stainlcss stcel feed capillary 
which entered thc prcssure cell through a 
Teflon-packed gland and delivered the 
Freon to a glass capillary. At the outlet of 
the glass capillary there was a small stage 
on which drops could be caught and ob- 
served microscopically for determination of 
vaporization and condensation pressures. 
Before the feed cylinders were fillcd, the 
Freon-12 was transfcrrcd from the supply 
cylinder through an evacuated manifold 
to  it stainless steel reservoir and degassed 
by repetitive freezing in liquid air, evacua- 
tion, and boiling, until no pressure rise in 
the evacuatcd transfer manifold w:ts ob- 

trankters) 

Under circuinstanccs such that very few 
molecules of b vaporize along with the  
numerous u molecules in  the formation 
of a bubble with 1~~ molecules, the  
quantity (W,S& call be assumed t o  
equal (W,S,), with sinall error, so that 
Equatidn (27) reduce3 t o  Equation (4) 
and the evaluation inay be performed 
as before t o  produve Equation (19). 
Under these circumstmces the net  effect 
of introducing drops in another liquid 
has been t o  change the  effective vapor 
pressure and thereby to change the 
critical radius, which is now given by  
Equation (26). 

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

The superheating limit was measured 
experimentally by spraying drops of purified 

served on opening the rcscrvoir valve over 
the frozen liquid. Thc dcgasscd Freon-12 
was heated and transferred under pressurc 
to the evacuatcd feed cylinders, which were 
then removed from the manifold and 
attachcd to the feed capillary on the cell. 
The pressure cell was evacuated to 50p, 
then filled by pcrmitting distilled water 
degassed by boiling to flow into it. 

Pressures up to 500 Ib./sq. in. were 
applied with a lever-operated piston pres- 
surizcr and up to 1,500 lb./sy. in. with a 
screw-operated piston pressurizer similar 
to the feed cylinders, both Tcflon-packed. 
Pressures were measured with a Bourdon 
gauge with a range up to 800 lb./sq. in. 
The gauge was calibrated and used in a 
vertical position. A very sensitivc prcssurc 
balance was uscd to calibrate the gauge 
to the accuracy a t  which it could bc read, 
namely 1 lb./sq. in. A 1,500 Ib./sq. in. 
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TABLE 1. PUFSFIED FREON-12 !\'ATER SYSTEM 

Vapor pressure 

Condensation range, 
Temperature, "C. Ib./sq. in. abs. 

65 .0  
68 .3  
6 9 . 0  
71 .2  
73.3 
73 .5  
75.6 
78.6 
8 1 . 2  
85 .5  
90.5 
95 .8  

100.1 
103.4 
106.7 
111.0 
111.3 

248-250 
266-267 
269-270 
283-285 
295-296 
297-299 
311-313 
331-333 
349-35 I 
381-383 
4 19-42 I 

502-504 
536-538 
570-572 
6 16-618 
619-62 I 

464-466 

Bourdon gauge was used for pressures above 
800 lb./sq. in. 

The temperature of the field liquid was 
measured a t  three places in the cell chamber 
by means of bare copper-constantan 
thermocouples which entered the cell 
through Tefion glands. One thermocouple 
was positioned near the observation stage, 
the second near the center of the cell 
chamber, and the third near the bottom, 
as shown in Figure 2. The thermocouples 
were calibrated to  0.1 "C. 

To achieve temperaturc uniformity, the 
cell and U frame were enclosed in a sheet- 
metal jacket, and air inside the jacket was 
circulated with a small blower. The jacket 
had a layer of asbestos paper on the out- 
side to prevent burns and had plate- 
glass n-indows opposite the windows in 
the cell. The heaters on the cell were 
disconnected after heating to the desired 
temperature level, and four strip heaters 
inside the jacket connected to  two variable- 
voltage circuits were used to  regulate the 
cell temperature. Thermocouple traverses 
of the cell chamber showed that no hot 
spots were present when the thermocouple 
temperatures were within a few degrees 
of each other. For the experimental meas- 
urements the heater controls were adjusted 
until a variation of 0.1"C. or less between 
the center and end thermocouples was 
obtained. 

To obtain vaporization pressures at 
temperatures where the drop density was 
greater or only a little less than the density 
of the field liquid (up to 100°C. for Freon- 
12 in water), the following technique was 
used. With the cell and feed cylinders at 
the same pressure above the vapor pres- 
sure a t  the cell temperature, a cloud of 
drops was produced by turning the hand- 
wheel on one of the cylinders about one- 
half turn with the feed valve shut, opening 
the valve quickly, and displacing the drops 
formed in the valve body and feed tube 
into the cell by a few turns of the hand- 
wheel. The excess Freon-12 was then drawn 
back through the valve by a few turns of 
the handwheel, and the valve closed. The 
cloud of drops so produced displayed st 
distribution of drop diameters from about 
1 mm. down to those barely visible. The 

Vaporization pressure 

Vaporization pressure, 
Temperature, "C. lb./sq. in. abs. 

69 .3  
71 .1  
7 1 . 5  
73 .4  
7 3 . 5  
75 .6  
75 .8  
7 8 . 5  
8 1 . 2  
85 .6  
90 .5  
95.8 
99.8 

100.2 
103.0 
103.3 
103.7 
106.7 

32 
62 
67 
95 
97 

I30 
135 
178 
216 
278 
348 
422 
477 
482 
520 
522 
527 
566 

size distribution and total number of the 
drops could be controlled by the pressure 
applied to the liquid before the valve was 
opened and by the amount displaced into 
the cell. The largest drops moved relatively 
quickly, depending on the density differ- 
ence at the existing temperature, and 
generally traveled down to the bottom of 
the cell. The intermediate sizes moved 
relatively slowly and the smallest hardly 
at all. Many of the smallest would dis- 
appear by dissolving as they were being 
observed. The valve to  the lever pressure 
generator was opened and regulated so 
that the pressure in the system fell quickly 
at first and then slowly, a t  about I lb./sq. 
in./5 sec., as the pressure limit was ap- 
proached. During the time the pressure was 
falling, the largest drops struck the metal at 
the bottom of the cell and vaporized. The 
resulting bubbles produced a moderate 
mixing action as they rose through the 
chamber. These large drops were all per- 
mitted to  vaporize and leave the chamber 
before the pressure dropped the last few 
pounds to the vaporization limit. When 
the slowly moving drops, in the range 
0.1 to 0.3 mm. in diameter, were observed 
to vaporize, as detected by the change in 
velocity and usually by a change in direc- 
tion of motion, the valve to the pressure 
gauge was quickly closed the final one-half 
turn to hold the pressure reading on the 
gauge, and then the valve to  the lever 
pressure generator was closed. Thermo- 
couple voltages from the couples closest 
to  the drops when they vaporized were 
measured, the Bourdon gauge was gently 
tapped to shake the movement to  its equi- 
librium position, and the reading recorded. 
The cell was repressurized, and the meas- 
urements were repeated several times. The 
observed vaporization pressure generally 
varied at most by f 2  lb./sq. in. because 
of different rates of pressure fall, temper- 
ature variations of 0.1 to 0.2", or differ- 
ences in the drop sizes observed. Usually 
five to ten repetitions were made, depend- 
ing on the size distribution and position 
of the cloud of drops produced. When a 
slow temperature drift was occurring, more 
repetitions were made. 

The following observations give an indi- 

cation of the sensitivity of this method. 
A temperature change of 0.1" made a 
noticeable change in the pressure readings 
obtained by this procedure. On occasion, 
while a temperature gradient to lower 
temperatures at the bottom of the cell 
existed, the drops were observed to vapor- 
ize progressively down the cell as the pres- 
sure was allowed to  fall through a range of 
5 lb./sq. in. Also when the drops were 
rising and higher temperatures existed a t  
the top of the cell, it  was possible to adjust 
the pressure to  a constant value and 
observe the drops vaporize as they rose 
into the region alongside the upper thermo- 
couple. 

At temperatures where the drops were 
considerably less dense than the field 
liquid, the density change on vaporization 
was small enough to make the changes in 
velocity during vaporization difficult to 
observe. A single drop or a few drops were 
then captured on the face of the feed capil- 
lary alongside the outlet and observed 
with a I0-power microscope as the pressure 
was lowered with the screw pressurizer. 
The change in size on vaporization wm 
easily observed. I n  fact, the variation of 
limiting pressure with drop size could be 
observed in a roughly quantitative way if 
a few drops of different sizes were observed 
at the same time. I n  regions where they 
could both be used conveniently, from 
90 to  100°C. for Freon-I2 in water, the 
methods of observing free-moving and 
captured drops gave the same results to 
within 1 lb./sq. in. The captured drops 
could be recondensed by pressurizing the 
cell and vaporization could be observed 
repeatedly and reproducibly ; by permitting 
a temperature drift an essentially con- 
tinuous curve could be obtained. The 
critical point for the system was observed 
by permitting a slowly-increasing-temper- 
ature drift and observing the interface as 
it progressed through the drop in both 
directions alternately. The temperature a t  
which meniscus disappearance occurred 
could be detected to within 02°C.  by this 
method. 

At all temperatures the vapor pressure 
was measured by slowly increasing the 
pressure to  cause condensation of a vapor 
bubble captured on the capillary face. 
The upper thermocouple was located about 
5 mm. from this face. 

Temperature. * C  

Fig. 4. Vaporization pressures for ethyl 
ether. 
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TABLE 2. V.4PORIZATION PRESSURE VS. Similar experiments with small amounts tures from 110" to 116"C., with no 
1)ROP IjIAMETER of Dreft and of the supernatant liquid indication that limits had been reached. 

Vavorization 
Drop diameter, p pressure, lb.,'sy. in. 

52 63 

Intcrfarial tension brtmeen the drop 
and field liquids was mcasnrcd by thc 
drop-volume technique. The glass feed 
tube i n  th r  pressure rrll was replaced with 
a stalngmometer, and the feed cylinders 
were used to tiraw in and displace watcr 
from it. 

RESULTS 

The experimental vapor pressure and 
vaporization pressures for drops of 
purified Frcon-12 in distilled water are 
presented in Table 1. The purified 
Freon-12 used was a 1-lb. sample de- 
scribed by the suppliers as having 
been taken from the stock used for 
measurement of acrurate P-V-T prop- 
erties, which was the center 50% of a 
careful distillation, dried over phosphorus 
pentoxide and deaerated- They found 
that the stock analyzed O.OlC?, of air 
by volume in the vapor phase and 
detected no impurities other than water 
by infrared absorption. In  the present 
experimental work this material was 
found to have a 2 lb./sq. in. condensation 
range after it had been degassed. When 
the vapor pressure of the Freon-12-water 
system was calculated by adjusting the 
published vapor-pressure data (14) to 
the pressure in the cell and adding the 
vapor pressure of water, the result was 
within 1 lb./sq. in. of the limits of the 
experimental condensation range for the 
five points checked. 

For an examination of the effects of 
a surface-active agent, vapor and vapor- 
ization pressures for degassed commer- 
cial-grade Freon-12 in distilled water 
and in water saturated with iso-amyl 
alcohol at about 85°C. were obtained. 
The results are shown in Figure 3. This 
sample of Freon had a 5 lb./sq. in. con- 
densation range in distilled water. The 
effect of the iso-amyl alcohol was to 
decrease the vapor pressure and broaden 
the condensing range of the drops con- 
siderably and to  decrease the vaporiza- 
tion pressure at a given temperature. It 
is not certain whether the pressure 
difference between the vaporization and 
vapor-pressure curves was decreased a t  
a given reduced temperature as a result 
of the alcohol addition, because the 
critical point was difficult to observe and 
t~he composition of the system changed as 
more and more alcohol-free Freon was 
sprayed into the chamber. The data are 
numbered in the order in which they were 
taken so that the extent of the effects of 
the composition change ran be seen. 

from the Teflon suq&soid used- in 
making up the pipe joints added to 
the water gave results no diffcrcnt from 
thosc obtained when the contaminants 
were not present. Sul)jecting the drops 
to mechanical shock hy striking the cell 
with a metal hammer inadc no noticeable 
differcnce in the vapc trization pressure. 
Vibration from the air-circulation blower 
had no effect, as chepked by turning it 
off during a fcw mcasu rements. 

Motion pictures of droplet vaporiza- 
tion wcrc made, and f he details may be 
found in referenrc 13. 

Thc effect of drop diamcter may be 
seen in the following rcsults. At 71.4"C. 
the pressure was olmerved a t  which 
purified Freon-12 dro1)s of various sixes 
vaporized on thc glass stage as prcssure 
mas reduced fairly slowly. These data 
are given in Table 2. Diameters were 
estimated to the tiearcst one-tenth 
division of the ocular micrometer and 
thus are rclatively inaccurate in the 
small sizcs. As rate 01 pressure fall was 
not closely regulated, these data are 
not highly precisc. However, as expected, 
larger drops clearly v:tporized at higher 
prersures than smaller drops. 

Some intcresting phcnomena wcrc 
observed a t  temperatures between 100°C. 
and the critical point. With a drop of 
Freon-12 captured 011 the glass stage, 
the pressure was reduced rap'idly with 
the screw pressurizer, while the drop was 
observed by transmitted light. At a 
definite pressure the drop momentarily 
became opaque because of the formation 
of hundreds of tiny liubbles in i t ;  then 
it cleared as it bt-came completely 
vaporized. With Freon-12 of condensing 
range 589 to 592 ll!./sq. in. abs. at 
108.2"C., when the pressure was held 
between 588 and 589 lb./sq. in. abs. 
dozens of bubbles werv seen forming and 
rising through the drop to the vapor- 
liquid meniscus as it passed through the 
drop. Several seconds were required for 
the meniscus to pass through the drop. 
At 589 lb./sq. in. abs. the bubbles stopped 
forming, although the meniscus continued 
to move as vaporization from the sur- 
face took place. At 688 lb./sq. in. abs. 
the bubble-formation rate and the menis- 
cus velocity were much greater and 
increased further a t  still lower pressures. 
Opalescence, believed to be of the type 
described by Maass, Mason, and co- 
workers (15), was observed in the neigh- 
borhood of the meniscus disappearance 
temperature, especially when sudden 
changes of about 5 lb./sq. in. or morc in 
the pressure in the c d l  were made. The 
opalescence occurred in moving hori- 
zontal bands about one fifth as high as 
the bubble diameter. At 114.7"C. it was 
most pronounced a t  ahout 616 lb./sg. in., 
at 115.2"C. at'd30 to 641 lb./sq. in., al- 
though present over the range 605 to 665 
lb./sq. in. It was ob5erved a t  tempera- 

DISCUSSION 

An estimate of nk by use of Equation 
(lo), the relation V,, = (4/3)nr,3, and 
the experimental vapor-pressure data 
indicated that there were from two- 
hundred to several thousand molecules 
in the critical bubble, the former figure 
for tcrnperatures around 70°C. The 
mole fraction of water in the vapor is 
given approximately by the ratio of the 
vapor pressure of pure water to the 
vapor pressure of the mixture. At 70°C. 
the ratio is about 0.02, which indicates 
that about four molecules of water 
were present in the critical bubble. These 
numbers are small enough to permit 
neglecting the second sum of Equation 
(27) in analyzing the results of the experi- 
ments. The coritribution of the sccond 
sbm may be greater a t  higher tempera- 
tures, but it should be realized that an 
error of' evcn a factor of two in the sum 
of the two terms represents only a change 
of at most 1 lb./sq. in. in the calculated 
vaporization pressurr. Thus Equation 
(19) may be used for the calculation of 
the vaporization pressure. In this cal- 
culation, as a convenience to avoid 
repetitive trial and error, the experi- 
mental value of thc vaporization pressure 
was used as a first approximation to 
determine the coefficient of the cs- 
ponential in Equation (19), and the 
experimental conditions were uscd to 
determine the value of the bubblc 
formation frequency. Equation (19) was 
then solved for AAk/kT. The value of 
r k  was obtained from Equation (21), and 
Equation (26) was solved for P,, which 
was equal to PA for the drop sizes 
observed. The resulting calculated value 
of PA was always so close to the experi- 
mental that recalculation of the pre- 
exponential term was unnecessary. Since 
the interfacial tension was found in the 
experimental work to be about 25 
dynes/cm., the term 2uAII/rAB in Equa- 
tion (26) is less than 0.1 lb./sq. in. for 
drops larger than 8 p in diameter and 
thus can be neglected for such drops. For 
these larger drops the effect of drop size 
on nucleation pressure is limited to the 
change in bubble-formation frequency 
per drop resulting from the change in 
volume of the drop. 

With regard to the surface tension of 
Freon-12 in the calculation, there was a 
small quantity of water dissolved in the 
Freon, which could be expected to raise 
its surface tension over that of pure 
Freon-12, the usual result for the solution 
of a nonsurface-active component in a 
liquid of lower surface tension. In the 
present case the effect should be slight 
because the solubility is very low. Con- 
sequently the recent data on the surface 
tension of dichlorodifluoromethane re- 
ported by Plank ( I G ) ,  a t  0°C. 11.7 
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TABLE 3. COMPARISON OF CALCULATED V.4IWRIZATION I’RESSURES FOR 
F R E O N - ~ ~  DROPS I N  W A T E R  WITH ESPERIMENTAL VALUES 

T,  “C. 69 .3  71 .2  81 2 9 5 . 8  106.7 

uAc, dynes/cm. 3.59 3 .38  2 .38  1 .06 0.240 
p k ,  lb./sq. in. abs. 258 269 338 460 57 1 
121, 206 237 53 1 3000 47,200 
rk, lo-’ cm. 4 .52  4.67 5.64 8 . 5 8  18 2 

1.75 1.84 2.86 35.4 4 x 1014 
Jpd--1 

PA( +)ealc.*,  11). ’sq. in. abs. 17 49 210 422 567 
(PA)cnle.*,  lb./sq. in. sbs. 28 59 216 421 567 
Pa( -)talc.*, lb./sq. in. sbs. 38 68 22 1 426 567 

( P ~ ) ~ ~ ~ . ,  lb./sq. in.  abs. 271-273 283-285 349-351 464466 570-572 

J P A  

(Pa)L-CP. ,  Ib./sq. in. abs. 32 63 216 422 566 
* ( P A ) ~ ~ z ~ . ,  calculated for J = 1 bubble/(drop) (5 sec.). 

dynes/cm., a t  30°C. 8.1 dynes/cm., were 
used. These values were extrapolated 
into the region of interest by use of the 
relationship 

u = g(7’, - T)’ (28) 
The exponent j was set equal to 11/9, 
the value found for a great number of 
organic compounds. The mean value 
g = 0.0372 derived from the two experi- 
mental values was used in the calcula- 
tions. 

Table 3 gives the summarized results of 
the calculations. In Table 3 PA is the 
pressure at which a drop 0.2 mm. in 
diameter should vaporize within 5 sec. 
on the average, calculated from the 
theory by using values of surface tension 
from Equation (28). PA(-) and PA(+)  
are the pressures calculated when the 
surface tension from Equation (28) is 
decreased and increased by 3%. JPA-l/JpA 
is the approximate factor by which the 
bubble formation frequency increases 
with 1 lb./sq. in. decrease in PA, as 
determined from the change in the work 
of formation. Table 3 also gives the 
number of molecules and radius of the 
critical bubble. Comparison of the theo- 
retical vaporization pressures Pa with 
the experimental values (Pa)., leads to 
the conclusion that within the experi- 
mental errors of fO.l”C., fl lb./sq. in., 
drop diameters from 0.1 to 0.3 mm., and 
observation times from 1 to 5 sec. the 
theoretical curve is in agreement with 
the experimental data when reasonable 
latitude is allowed the value of the 
surface tension. 

It is considered that the number and 
small size of the drops observed in this 
work precluded the possibility that the 
drops were caused to vaporize by the 
influence of cosmic rays or other back- 
ground radiation or by the presence of 
solid particles and that the degassing 
of the liquids by boiling eliminated small 
gas bubbles so that they were not the 
cause of bubble formation. These cer- 
tainly were not the origin of the copious 
bubble evolution seen in captured drops 
near the critical point. The decay rate 
of even recently formed organic matter 
resulting from the take-up of radioactive 
carbon-14 from the atmosphere is only 

about 12 disintegrations/min./g. of car- 
bon. The particle produced is a weakly 
pcnctrating electron. Radiation from 
carbon-14 is not sufficient to influence 
the measurements because of the small 
quantity of carbon in a drop, the short 
time of exposure to low pressure, and 
the large number of drops observed. 
Since striking the cell with a hammer 
did not influence the results, the pos- 
siblc influence of vibrations in the 
building or from the air-circulation blower 
is improbable because the sharp shocks 
should have intensified any such effects 
and made them noticeable. There was 
never any indication that the motion 
of the drops had any effect on the nuclea- 
tion pressure. Large free-falling drops 
vaporized a t  about the same pressure 
as drops trapped in the glass cage. In  
any event the small drops for which the 
comparison with theory was made moved 
slowly, and no effects of motion are to 
be expected. 

The experimental vaporization pres- 
sures of Wismer (7) for ethyl ether were 
also compared with values predicted by 
the theory. The nucleation pressure for 
ethyl ether was calculated according 
to Equation (19) at a few temperatures, 
with vapor pressures and densities ob- 
tained from the data. of Schnaible and 
Smith (17) and surface tensions from 
the data of Jeffries, Derrick, and 
Musgrave (18) extrapolated graphically 
by passing a line of slope 1.22 through 
a log-log plot of the data. The calculation 
technique followed was similar to the 

of magnitude. The summarized results 
of the calculations are given in Table 4. 
The agreement with Wismer’s data, also 
given in Table 4, is satisfactory only 
a t  atmospheric pressure, since there only 
can the discrepancies observed be ex- 
plained in terms of reasonable variations 
in the quantity of material and time of 
exposure to low pressure in the experi- 
ments. Curvature in the line through 
the experimental data (Figure 4), which 
should be evident over so large a temper- 
ature range regardless of the purity of the 
ether, is absent. It is to be especially 
noted that the experimental values not 
in agreement are lower than the theo- 
retical, which indicates they could not 
be caused by external influences. The 
satisfactory agreement found for Freon- 
12 makes it unlikely that the discrepan- 
cies result from defects in the theory or 
from the assumpbions made in the 
numerical calculations, except possibly 
that the surface tension of ether may not 
follow Equation (28) above 145”C., 
although there is no reason to suspect 
that it does not. It appears much more 
probable that a difference in the experi- 
mental conditions caused the high- 
pressure data to be erroneous, whereas 
the data at atmospheric pressure are 
valid. The most likely explanation 
appears to be that the Rourdon pressure 
gauge in the high-pressure apparatus of 
Wismer had an inaccurate calibration in 
addition to the large zero error mentioned 
in his description of the apparatus (7). 

One should note that the exponential 
factor involving the latent heat of vapor- 
ization, which appeared in Doring’s 
equation for the bubble formation rate 
and which has been rejected on theo- 
retical grounds, would decrease the calcu- 
lated vaporization pressure for Freon-12 
in water by about 7 lb./sq. in. a t  70°C. 
and about 4 lb./sq. in. at 80°C. The re- 
sulting values would still be reasonably 
close to the experimental values, con- 
sidering the possible errors in surface 
tension among others, but the values 
calculated omitting the factor are in 
noticeably closer agreement. The same 
holds for the agreement with Wismer’s 
data at atmospheric pressure. 

calculations for Freon-12 in water. J was 
assumed to be 1 bubble/cc./sec., which 
implies that the product of the experi- 
mental quantity of liquid and the obser- This paper has presented the equations 
vation time was 1 cc. sec. This product to be used for predicting the conditions 
was not specifically stated in W-ismer’s required for homogeneous nucleation in 
work but should be of the correct order liquids at atmospheric pressure and 

SUMMARY AND CONCLUSlONS 

TABLE 4. \’AI’ORI%ATION PRESSURES FOR ETHYL ETHER 

T, “ C .  143.0 143.8 163.8 176 8 183.8 

u, dynos/cm. 3.70 3 .63  1.94 0 .97  0.51 
lb./sq. in. abs. 227 23 1 327 405 156 

p k ,  lb./sq. in. abs. 214 218 319 40 1 455 
PA, lb./sq. in .  abs. 12 22 244 375 445 
(PA)*.rn, lb./sq. in. a h .  15 22 230 350 430 

*Data of Wisrnor (7 ) .  
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above; it has described the measurement 
of these conditions with an apparatus 
in which the effects of external influences 
are minimized or avoided, and it has 
shown the experimental and theoretical 
work to be in agreement. 

Further applications of the principles 
and methods described should lead to  
further fundamental knowledge of the 
processes of bubble formation in boiling, 
flow cavitation, and evolution of gases 
from supersaturated solutions. Some of 
the most promising avenues should be 
the following: 

1. Investigation of the effects of con- 
centration of liquid solutions on bubble 
evolution. 

2. Development of a flow apparatus 
with liquid interfaces used to eliminate 
the effects of solid surfaces, such as the 
annular flow of a superheated liquid 
within a nonsuperheated liquid through 
a constriction to produce a region of 
high velocity and low pressure. Such a 
conditim might be approached with 
a swirl type of pressure nozzle in which 
the nonsuperheated and superheated 
liquid are cdntacted in the swirl-chamber 
orifice where an air core normally occurs. 

3. Investigation of the effects of sus- 
pended particles, as for example very 
finely divided metals, degassed by boiling 
the liquid containing them. 

4. Investigation of the effects of dis- 
solved gases. 

These and similar investigations may 
help to elucidate how an active center 
becomes active in boiling, how the nature 
of the solid surface affects boiling, and 
how the effects of composition of liquid 
mixtures on boiling lieat transfer can be 
predicted. 

ACKNOWLEDGMENT 

The author wishcis to evpress his deepcst 
thanks to W. R. Marshall, Jr., for his 
guidance, encouragement, and support 
throughout the course of this work. Finan- 
cial suppoi t wab extended by the Proeter 
and Gamble Company, the Wisconsin 
Alumni Research Foundation, and the 
Engineeritig Expel iment Station. This sup- 
port is gratefiilly acknowlcdgcd. The puri- 
fied Freon-12 was grnei oiislv supplicd by 
du Pont 

NOTATION 

-4 

J 

JP d 

= Hcliiiholtz frec-energy or tot:& 
work function 

= 1 - ( P L / P k )  
= fugitcity 
= constant in surface-tcmsioii cor- 

= indcx for summation 
= constant in surfacc+xsion cor- 

rclstion, Equation (2%) 
= bubble production ratr or 

nuclcntion frequency, no./(unit 
tiiiic) (unit volunic) 

= bulihle formation rate a t  pres- 
sure Pa 

relation, Equation (28) 

k = Boltzmann’s constant 
m 
n = number of molecules in a 

bubble 
nk = number of molecules in a 

bubble of critical radius 
n, = number of molecules in a 

bubble l’arge enough to  be 
removed from the distribution 

P = pressure 
p ,  = pressure in bubble with n 

molecules 
p ,  = pressure in bubble of critical 

sim 
P = vaporization pressure, pres- 

sure in liquid at which bubble 
formation r:tte is high enough 
to produce a visible bubble 
within the time of observation 

r, = radius of bubble with n niole- 
cules 

rk = radius of critical bubble 
r* = r,,/rk 
S(n) = effective trmsfer area of a 

bubble containing n molecules 
t = time 
T = absolute teniperature 
T, = critical temperature 
U = chemical potential, energy/ 

molecule 
uk = chemical putential of vapor 

molecules in critical bubble 
vb = volume per molecule in the 

vapor a t  the transfer surface of 
the critical Imbble 

vL = volume per molecule in the 
liquid 

vLm = mean value of specific volume 
of liquid bet ween pressures p~ 
and p,, the vapor pressure 
over a plan(& surface (r = m )  

V = volume 
V ,  = volume of bubble containing 

n molecules 
TVL(n) = probability of vaporization of 

a single mo11:cule per unit area 
and time into a bubblc con- 
taining n molecules 

W,(n) = probability of condensation of 
a single ino11:cule per unit area 
and time from a bubble con- 
taining n mc decules 

X = variable of intcgration, z = 
I - r* 

11 
2 = compressibility factor = pV/ 

nkT 
Z(n)  = distribution function espress- 

ing the number of bubbles 
containing molecules in a 
unit volume of liquid 

A = notation for difference or in- 

= mass of a molecule 

= mole fractioii in vapor phase 

P(n) = W,(n - I), CV,(n) 

= fugacity corlficient = f / p  
crement 

V 
fl = surface tension 

Subscripts 

a = molecular sljecics a 
il = liquid phase in drop 
b = molecular species b 
B = liquid phase in field 

S 

V 
I ,  I I  

00 

= vapor phase in lens 
= liquid phase 
= critical bubble condition 
= number of molecules 
= bubble containing minimum 

number of molecules 
= bubble of the size to be re- 

moved from the distribution 
= vapor phase 
= any two distinct accessible 

regions of phase space 
= condition of thermodynnrnic 

equilibrium between two 
phases separated by a plane 
interface (r  = 00) 

Superscript 

0 = standard state, the pure com- 
ponent a t  thc temperature and 
pressure in the vapor 

LITERATURE CITED 

1. Westwater, J. W., “Advanccs in 
Chemical Enginecring,” Vol. I, p. 1, 
T .  B. Drew and J. W. Hoopcs, Jr., 
Editors, Academic Press, New York 
(1956). 

2. Kermeen, R. W., J. T. McGraw, and 
B. R. Parkin. Trans. Am. SOC. Mech. 
Engrs., 77, 53i (1955). 

3. Lindstrom, Ollc, J .  Acoust. SOC. Am., 
27, 654 (1955). 

4. Ackermann, C. B., Ph.D. thesis, Univ. 
Nebraska, Lincoln (15153)~ Public% 
tion 7914, University Microfilms, Ann 
Arbor, Michigan (1954). 

5. Trevena, D. H., Ph.D. thesis, Univ. 
Wales (1950). 

6. Kenrick, F. B., C. S. Gilbert, and 
I<. L. Wismer, J .  Phys. Chem., 28, 
1297 (1924). 

7 .  Wismer, K. L., ibid., 26, 301 (1922). 
8. “Cavitation in Hydrodynamics,” Pro- 

ccedings of a Symposium (Sept. 14 to 
17, 1955) London, H. M. Stationcry 
Office (1956). 

9. Diiring, W., 2. ph,ysik. Chem., B36, 
371 (1937); B38, 292 (1938). 

10. Volmer, M., “Kinetik der Phasen- 
bildung,” Theodor Steinkopff, Ilresden 
and Leipzig, Gcrmany (1939). 

11. Frenkel, J . ,  “Kinetic Theory of Liq- 
uids,” p. 366, Oxl‘ord Univ. Press, 
London (1946). 

12. Takagi, Shunsuke, J .  A p p l .  Phys., 24, 
1453 (1953). 

13. Moore, G. R., 1’h.D. thesis, Univ. 
Wisconsin, Madison (1956). Publi- 
cation 17330, Univergity Microfilms, 
Ann Arbor, Michigan. 

14. “Pressure-Tempcratiire Relationships 
of Refrigerants,” Graph publishcd by 
Kinetic Chemicals, Inc., Jackson Labo- 
ratory, Wilmington, Delaware (June, 
1947). 

15. Mason, S. G., a n t i  0. Maass, Can. J .  
Res., 26B, 592 (1W8). 

16. Plank, R., Kdteiechnik,  6, 58 (1954). 
17. Schnaiblc, H. W., and J. M. Smith, 

Chenz. Eng. Proqr. Symposium Ser. 
No.  7, 49, 159 (1953). 

18. Jeffries, T. O., M. Ikrrick,  ancl R. 
Musgravc, J .  Chern. Phys. 23, 1530 
(1955). 

Manuscript ~ c e i n e d  Ortoher 3 ,  19.58: revision re- 
ceived M a y  4 ,  19.59; piipcr accepted M C I ~  8, 1959. 
I’aper;presented at d .I.Ch.E. Si l t  Lnke City meeting. 

Page 466 A.1.Ch.E. Journal December, 1959 




