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ABSTRACT

A shock tube coupled to a laser-schlieren detection system in conjunction with computer
simulation was used to study the formation of small clusters in nearly saturated Freon-11
vapour. When a shock wave passed through Freon-11 vapour a temperature and pressure
jump was produced. A new equilibrium cluster distribution at the new temperature and
pressure was reached by formation and stabilization of clusters, this being an exothermic
reaction. This process is accompanied by a temperature and density change. The laser-
schlieren technique records a signal proportional to the density gradient. In the experimental
studies the initial pressure of CCl;F was varied from 26 mm Hg to 762 mm Hg and the speed
of the shock wave was changed from 141.1 m/s to 320.7 m/s. Several carefully chosen gases
(Ar, CH,, CCl, and SF) were used for comparison studies. The time scale for the observed
process was 10 - 100 ps. Characteristic of bond formation, the observed process displayed
a negative activation energy suggesting a strong competition between cluster formation,
dissociation and stabilization. Oscillatory signals were observed in those cases where the
initial pressure wﬁs high, the postshock temperature was low and the postshock pressure was
high. It was found that the oscillatory signal was biperiodic at an early stage. Then this
oscillatory signal became a chaotic one. The experimentally reproducible chaotic signals are
proof that the processes occurring in our system are nonlinear kinetic processes. A

computational model for the rate of formation of clusters (cluster size <5) based on the

ii



scheme A_, + A=A, and A, +M= A +M, was built and constrained by experimental
observation, thermodynamics and nonlirear kinetics. With the hels of computer simulation
it was confirmed that the negative signal observed is caused by the clusier formation process
followed by exothermic cluster collisional stabilization. The oscillation is a direct result of

thermal feedLack affecting th. equilibrium cluster distribution,
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CHAPTER 1

INTRODUCTION

1.1 Phase Transformation , Nucleation and Clustering

Phase transformations are involved in many branches of science and technology including
physics, chemistry, astrophysics, meteorology, metallurgy, medicine and biology. Some
phase transformations appear to occur without hinderance whenever conditions change
such that a new phase becomes stable, for example, the evaporation of a pure liquid or
the melting of a pure crystal. These phase transitions occur so reproducibly that they are
often used as thermometric fixed points. In organic chemistry the melting point of a
compound is measured to check its purity. If a substance is pure, it melts at its normal
melting point, otherwise it melts below its melting point, However, there are other phase
transitions for which this is not the case, for example, the condensation of a vapour or the
crystallisation of a melt. The dew point of water vapour at 0.22 atm is 20 °C, but at 20
°C water vapour can be supersaturated to 0.75 atm pressure before condensation occurs’.
Also while the melting point of Aluminum is 660 °C, it can be cooled to 200 °C before
solidification occurs®. The difference between phase changes which occur at equilibrium

and those which do not occur at equilibrium is apparently the result of the presence of



"free" surfaces on which a new phase can form in the form case. If we let vapour be in
contact with its bulk liquid, vapour can condense at _equilibrium. We cannot get
supersaturated vapour because bulk liquid provides a free surface. The reason why a
crystal melts at equilibrium is that the crystal always provides a free surface to its melt
under ordinary conditions. Experiments have shown that if crystals are poorly wetted by

their melts, crystals can be superheated®*.

Why does the free surface make so big a difference to phase transformations? The
answer can be found from thermodynamics. When a liquid is dispersed as droplets of

radius r, its vapour pressure is given by the Kelvin cquation5

20V, (L.L.1)

P=p©°
exp ( Tr

P° is the vapour pressure of the bulk liquid at temperature T; V,, is the molar volume of
liquid; r is the radius of a droplet; o is the surface free energy; T is in Kelvin; and R is
the universal gas constant. In the case of droplets of water of radius 10 mm and 10 mm
the ratios of P/P° are about 1.001 and 3.0 respectively. The latter value, although quite
large, is not quite exact because at that radius the droplet is less than 56 molecules in
size, and the Kelvin equation is not valid in that regime. However, for "large" droplets
the effect is usually small. To see the significance of these vapour processes on
condensation consider a pure vapour, initially unsaturated at sufficiently high temperature,

ie. the pressure of the vapour is lower than its vapour pressure. Now decrease the



temperature. When the system becomes saturated, the pressure of the vapour equals the
bulk vapour pressure. Decrease Lhé temperature further. Then the pressure of the vapour
is higher than the vapour pressure at that low temperature. This is a supersaturated system
that is thermodynamically unstable with respect to its liquid phase. In order to convert the
unstable vapour into stable liquid the first step must be the sticking together of a number
of vapour molecules to form a microscopic droplet. This process is called nucleation.
Since the radius of the initial droplets is so small they have an enhanced vapour pressure
according to the Kelvin equation. Therefore, they evaporate as soon as they form. This
effect prevents stabilization of the thermodynamically unstable vapour, because an initial
tendency to condense is overcome by a heightened tendency to evaporate. However, if
the tiny droplets can continue to stick together to form larger droplets before they
evaporate, then "large" low vapour pressure droplets can form. Clearly kinetic effects
determine if a supersaturated vapour pha;e can exist, If, however, there is a free surface
provided by dust or other kinds of foreign matter, vapour molecules can attach to the free
surface. The radius of this surface is big enough to make the enhanced pressure
negligible. Consequently, vapour can easily condense into stable liquid. If the bulk liquid
phase coexists with its vapour, when the temperature is decreased the molecules in the
vapour phase attach to the liquid surface, i.e. the transformation will advance on the free
surface, where the radius of the bulk liquid is essentially infinite. Therefore, no
enhanced pressure can exist under these conditions and the phase transformation can be

carried out at equilibrium.



In the case of the melting of a crystal it is well known that under ordinary conditions
overheating the crystal, similar to overheating a liquid, is impossible. The basis of the
Lindemann (1910) theory>® of melting is that as the solid is heated the atoms start to
vibrate with greater and greater amplitudes until, at some critical value, the interaction of
adjacent atoms ’shakes the solid to pieces’. It had been widely assumed that a crystal
cannot exist above its melting temperature, and the free energy curve of the solid phase
terminates discontinuously at the melting point. In 1937 this theory of melting was proved
to be wrong by experiment’. The relation® of the melting temperature with the radius
of a melt droplet can be derived in following way. Suppose that the transformation of
solid to liquid advances so that the sphere of the melt reaches an increased radius r+dr,
where dr is very small. The chemical potentials of a molecule in solid and melt are p, and
u, respectively and dn moles of molecule transfer from the solid to the melt. Then there
is a change in the Gibbs free energy, (i,- 1)dn . For equilibriuin this is equated with the
increased free interfacial energy, 7, dA. For a sphere melt dA=8nrdr and dv=vdn=4nr’dr

where v is the molar volume of the melt. Then for equilibrium

2
BBy (1.1.2)

This shows that there is an increase in the chemical potential of the melt phase due to
presence of a spherical interface. For equilibrium of a spherical melt droplet with the solid
phase, the temperature must be above the normal melting point by AT=T'-T,,. This is
shown schematically in fig. 1.1, in which the chemical potential of the two bulk phases

are given by the solid line, the broken line is the chemical potential of the spherical melt



droplet of radius, r, and T, is the normal melting point .

However, since a molecule in fluid can attach onto its solid free surface, the melting of
a crystal kept at a homogeneous temperature always begins on the free surface®, A flat
embryo of the liquid phase is formed on the free surface. There are no micro-droplets or
spherical interfaces; r tends to infinity. Therefore AT equals zero. This results is a natural
consequence of the fact that the surface free energy of a liquid is smaller than that of any
face of the corresponding crystal and that the surface free energy between the two phases

is very small.

Potentlial
”

bulk solld k&
N \: droplet melt

Chemical

bulk meilt

Tm T ; T

Fig 1.1 Schematic figure to illustrate melting temperature increase for droplets.

The proof that an overheated crystal can exist is given by the experiment performed by

Khaikin’ in which the crystal is cooled down from its surface so that the temperature of



the surface lies below the melting-point. Then the internal temperature is raised (by
concentrating radiant heat with the help of a lens) far above the melting-point without any
trace of internal melting. This shows that in the absence of surface effects, melting can
occur under non-equilibrium conditions, newly born liquid must form small droplets.
Therefore, a crystal can be overheated. The presence of a free surface during a phase

transformation changes the mechanism, avoiding the formation of small clusters.

These curious phenomena are manifestations of nucleation. Nucleation can be divided into
two classes, heterogeneous and homogeneous, depending on whether foreign nuclei are
present or not. If the phase transformation takes place in the presence of dust, a wall,
jons, or micro-crystals etc, it is termed heterogeneous nucleation. It is difficult to
characterize accurately the crucial experimental parameters in heterogeneous nucleation.
Conversely, homogeneous nucleation is accurately characterizable, but it is difficult to
study experimentally since it is difficult to provide an environment free of walls, dust,
ions, bubbles, etc. However, there are cases where homogeneous nucleation is the
dominant mechanism. Examples are condensation in supersonic nozzles, explosions that
occur when a cold liquid comes in contact with a much hotter one, and the formation of

heavily micro-crystallized ceramics.

In the absence of free surfaces a transformation from a phase o to a phase B does not
occur the instant the free energy of B becomes lower than that of o. Rather, very small

nuclei of P (having a critical size) must form initially in the o phase. The first step in



the transformation, the nucleation step, can be extremely slow. Once the initial nucleation
step has occurred, though, the B-phase clusters will grow to form droplets. These droplets
continue to grow or combine until the transformation is complete. The initial step of the
phase transformation is nucleation, which is the process of cluster formation and growth
staring from a smal! cluster leading to one of critical size. Nucleation theory attempts to
describe the rate at which the first very small clusters nucleate at a given state of

supersaturation.

In this chapter we shall discuss the basic concept of nucleation theory. The second
section is devoted to the classical theory of nucleation. The drawbacks of this theory are
discussed in the third section. Then some recent kinetic nucleation models are introduced.
The experimental methods used for studying nucleation are discussed in the section 1.5,

followed by an introduction to chemical oscillation.

1.2 Classical Homogeneous Nucleation Theory (CNT)

Nucleation theory is the theory of formation of critical clusters or nuclei. In the period
1876-1878, J. Willard Gibbs® developed the thermodynamic theory of curved surfaces and
calculated the free energy of formation of a critical size cluster from supersaturated
vapour. In 1926, Volmer and Weber'® recognized that the metastability of a supersaturated
phase is a question of kinetics, and they realized the relation between the free energy and

the rate of formation of critical nuclei by spontaneous natural fluctuations in the parent



phase. However, Volmer and Weber did not develop a kinetic madel. A Kinetic approach
was made by Farkas'! in 1927. He developed a guantitative theory for the steady-state
nucleation rate. On this basis, laid by Volmer and by Farkas, Becker and Doring'?,
Zeldovich' and Frenkel® developed the so-called classical nucleation theory. Some good
agreement between this theory and experiments has been obtained'*'>. Nevertheless, many
experimental results do not agree with the prediction of the classical theory'®".
Furthermore, many of the fundamental problems of nucleation theory cannot solved with
the classical theory. Since then, some of the drawbacks and inconsistencies have been
pointed out and corrected (see section 1.3). In the last twenty years new kinctic
approaches have been proposed (see section 1.4). In this section we shall discuss the

classical theory of nucleation, first, the thermodynamics, and then the kinetics .

1.2.1 Thermodynamics of Nucleation

The state of a macroscopic system in equilibrium can be described by thermodynamic
theory. It is postulated that a system in equilibrium with its surroundings can be described
by a number of extensive parameters, usually the entropy, S, the volume, V, and the total
number of chemically different molecules, Ny, Ny, , Ny,. For any equilibrium state
there exists a function U(S, V, X;, X, ., X,1)» the internal energy, in which X; is
the mole fraction of different components. The value assumed by the extensive parameters
in the absence of an internal constraint are those that minimize the internal energy over

the manifold of the constrained equilibrium state. The internal energy of the composite



system is additive over the constituent subsystems. The internal energy is continuous and
differentiable and is 2 monotonically increasing function of the entropy. The internal

energy of an equilibrium state can be written as follows
U(S, V, Ny, Ny, N,) =Ts—pV+iff 1N (1.2.1)
=1

Temperature is given by

7= (30) o, (12.2)

Pressure is given by

U
P=- (W) —— (1.2.3)
and chemical potential is given by
au
By= ('EE)S'V-"J'-"“ (1.2.4)

T, P and p,, p,,~ 1, are the intensive parameters of a system, which are not functions
of the number of moles of substances. Combining the first and the second thermodynamic
laws the following thermodynamic potentials can be defined:

Helmbholtz free energy

A=U-TS (1.2.5)

Gibbs free energy



G=U-TS+PV (1.2.6)

With the above thermodynamic potentials and the state equation PV=nRT (assuming the
vapour phase obeys the ideal gas law), we can show how classical theory explains the

existence of a supersaturated vapour state and define the free encrgy of formation of

clusters.

First let us show that the supersaturated vapour state is unstable. The thermodynamic
system we consider is n moles of a vapour initially equilibrated at pressure Py and
-temperature T,, where P, is less than the vapour pressurc P, at the same temperature.
Then the pressure is increased isothermally so that the new pressure P cxcceds the

equilibrium vapour pressure of the condensed phase P...

At the initial condition the vapour’s chemical potential can be derived from

oy - 1.2.7
(35) =V (1.2.7)
p=p,(T) +RT1nP, (1.2.8)

If the vapour is not ideal, fugacities must be used instead of pressure. When the pressure

of the system equals the vapour pressure at the same temperature, the chemical potential

is given by

Ro=g,(T) +RT1NP, (L.2.9)
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Because at P, the vapour is at equilibrium with the corresponding liquid, y,, is equal the
chemical potential of the liquid state of that substance. When the pressure is higher than
its vapour pressure, P,, at the same temperature, a supersaturated state is reached
Assuming that the vapour can still be treated as an ideal gas, the chemical potential is

given by

p=p,(T) +RI1NP (1.2.10)

The chemical potential of the supersaturated vapour, u, is higher than that of the
corresponding liquid phase, p., because P>P_, and the difference of the chemical
potential, Ay, between the supersaturated vapour and liquid phase at the same temperature

is given by

Ap=RTln(FP) =RTInS (12.11)

where S is the degree of supersaturation of the system. From this we see that Ap=p-p, >0,
meaning that the transformation of supersaturated vapour to liquid is a spontaneous

process. Supersaturated vapour is a thermodynamically unstable system.

How can a supersaturated state exist even though it is unstable thermodynamically? The
explanation is given by the classical theory as follows. The physical origin of stability of
a supersaturated vapour is central to the development of a nucleation theory. Although

condensation of supersaturated vapour to form the liquid phase will lower the free energy

11



of the system, the onset of condensation actually increases the free energy of the system
before the subsequent decrease, and this prevents immediate condensation. The process
of formation of a liquid phase within the old gaseous one must start by the formation of
droplets (or clusters ). As soon as embryonic droplets form, the surface-free-encrgy of the
interfaces between the droplets and the surrounding vapour must be considered. There are
two factors which determine the change of the total free energy of the system:

(1) The decrease in the bulk free energy due to condensation into liquid. The
contribution is proportional to the number of molecules forming droplets.

(2) The increase of the surface free energy due to the formation of the droplets. It is
proportional to the surface area of the droplets formed.

Assuming that the shape of a droplet is spherical, and that the bulk liquid is nearly
incompressible, we can describe the change in the number of isothermally formed droplets
from the supersaturated vapour mathematically by calculating the free energy change of
the system, AF. The initial state is the supersaturated vapour (P>P.) at temperature T.
For the isothermal formation of a droplet from vapour molecules the iree energy change

is given by*®

AF=41cr20-(%) nrapamn(_;i) (12.12)

where & is the bulk surface tension having dimension J/m?, r is the radius of the droplet,
p is the density of the droplet, and RTIn(P/P.) is the excess free encrgy of the

supersaturated vapour over the saturated vapour as calculated in (Eg. 1.2.11). It is

12



multiplied by the total mass of the droplet. This free energy change of the system equals
the free energy change of formation of the droplet. If the pressure of the vapour at the
initial and final states for the process of isothermal formation of a droplet have the same
value, as is assumed in classical nucleation theory, we have AA equal to AG. Since
supersaturated vapour is not an equilibrium system, the calculation of AG is problematic.

This question will be discussed later in section 1.3.

In equation 1.2.12, the first term on the right is the intrinsically positive contribution of
the surface-free energy. The second term on the right is the free energy decrease caused
by transferring molecules from the vapour to the liquid phase. The equation specifies the
free energy change, AG, as a function of the radius of a droplet, r, and of the degree of
supersaturation, S, for a fixed temperature, T. For the limiting case, S=1, the second term
becomes zero, and AG rises monotonically as the square of r, For a sub-saturated vapour
the AG curve would rise even more steeply, because a fractional S makes the second term
on the right positive. Droplets cannot be formed in a subsaturated vapour system. For
S>1, the second term is a negative contribution to AG. The higher the degree of
supersaturation, the larger the absolute value of the second term. It is this term that
assures the existence of a maximum in AG at a certain value of the droplet radius, r¥,
which denotes the critical cluster radius. As the degree of supersaturation increases, r*
decreases. This is shown in the following derivation, We differentiate both sides of Eq.
1.2.12 with respect to r, holding T and S constant (assuming that cluster growth will not

deplete the vapour stock by an amount producing measurable changes in P), and we let
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the derivative equal zero. Solving for the critical radius, we find

el (12.13)

Substituting r* into equation 1.2.12 the maximum value of AG (i.e. AG*) corresponding

to r* is

AG*=—_16%0 (1.2.14)
3 (pRT1nsS)?

We see from the above equation that the larger the degree of supersaturat