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are of the continuous type; the expansion cloud chamber and the shock tube are of the
transient type. The latter two use rapid expansion and compression processes to generate
a supersaturated state of short duration. No nucleation occurs before and after this period
theoretically. Despite the progress made by these methods there are still some limitations.
First, no method can provide any detailed kinetic information on cluster formation
processes directly, and no method can identify the critical cluster or nucleus. What one
monitors in these methods using scattered light are droplets. The droplet production rate
is measured, rather than the nucleation rate. No existing theory can guarantee that the
droplet formation rate is equal to the nucleation rate of critical clusters. Second, none of
the methods so far provides data over wide enough ranges of temperature and
supersaturation, as is necessary for testing the theory thoroughly. In fact, using different
methods different results are obtained. For example, in the case of water, Katz and
Ostermier®? measured the critical supersaturation ratio as a function of temperature using
the upward diffusion cloud chamber at 285 to 305 K. Good agreement between their
results and classical theory was obtained, within 5%. Kassner and Schmitt’ got the same
result with the expansion cloud chamber. The results obtained by Jaeger et al*® using a
supersonic nozzle for water at temperatures between 215 and 255 K agreed with classical
theory’s prediction. Good agreement with classical theory was also obtained by
Barschdorff®® using an unsteady, isentropic expansion in a shock tube expcriment at 220
to 280 K with Ar or He as a carrier gas. But the nucleation rates of water at 276.15,
289.35 and 301.65 K measured in a two-piston expansion chamber by Wagner and Strey

were considerably lower than predicted by classical theory. Their results were in good
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agreement with one-piston cloud chamber measurements performed by Miller® and by
Anderson et ai®?, The shock tube experiment of Peters and Paikert"* at 204 10 220 K
confirmed the results of Strey and Wagner. With these experimental data it is not possible

to conclude which experimental method is best, let alone evaluate the classical nucleation

theory.

1.6 Requirements for Chemical Oscillation

We know that any closed chemical system must come to equilibrium. Equilibrium is a
stable and unique state, and there are some thermodynamic functions to describe the
change from one equilibrium to another equilibrium state, such as the change in the Gibbs
free energy, AG. G decreases monotonically when a chemical reaction takes place at
constant pressure and temperature. The reactant concentrations decrease monotonically,
and product concentrations increase monotonically. However, some oscillatory rcactions
have been observed and studied. In these kinds of rcactions the concentrations of
intermediates or products rise and fall periodically®, In this section we bricfly describe

conditions for observing an oscillatory reaction.

Here we consider two types of chemical oscillators: one is the isothermal oscillator; the
other is the thermokinetic oscillator. Studies show that a chemical oscillator must satisfy

the following three requirements, which can be divided into two classes: thermodynamics
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and kinetics. Thermodynamics requires that a system must be far from thermodynamic
equilibrium i.e. the Gibbs free energy change, AG, for the overall reaction must be large
and negative. Also, osciilation is a transient phenomenon. In a closed system oscillations
cannot be sustained because any reaction will approach equilibrium eventually. In
experiments an oscillatory system can be maintained far from equilibrium indefinitely by
continuously adding fresh reactants into a continuous flow stirred tank reactor (CSTR).
Kinetically there are two requirements. One is non-linearity. For an isothermal oscillator
- the polynomial differential raté equations that describe a chemical reaction must be non-
linear, that is, the differential equation must contain terms that depend on the product of
two concentration terms or on the nth power of the concentration of a single species
(n22). If a set of differential rate equations corresponding to a chemical reaction are
linear, and reaction takes place at constant temperature, its kinetic behaviour is simple.
As discussed in any physical chen;istry text book the concentrations of reactants decrease
monotonically with time, while the concentrations of the products will increase
monotonically with time. The concentration of intermediates may pass through a single
maximum during reaction. But for nonlinear differential rate equations, although the
concentrations of reactants and products will change just as in the linear system, the
concentrations of intermediates will change in a much more complicated way. Non-
linearity is a necessary but not a sufficient condition for a system to have oscillatory
behaviour. The second conditicn is that there be some mechanism for "feedback”. This
means that species formed during the reaction must affect the rate of earlier reaction

steps. The mechanism for feedback is realized by auto-catalytic reactions. If there is a
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feedback mechanism in a chemical reaction then its dynamical law, i.e. the set of

differential rate equations must be nonlinear.

The most famous chemical oscillator is called the Belousov-Zhabotinskii (BZ) reaction®,
an organic reaction, in which oxidation is carried out by bromate and catalyzed by

inorganic ions. An example is the oxidation of malonic acid represented by the equations

CH, (COOH) ,+6 Ce { IV) +2H,0~2C0, +HCOOH+6 Ce ( III) +6H"
2Ce (III) +BrOs+3H*~2Ce(IV) +HBrO,+H,0

Ceric ion is reduced in the first step, and cerous ion is oxidized in the second. It exhibits
oscillations in colour and in overall redox potential as measured by a Pt electrode as well
as in the potential measured by a bromide-ion-selective electrode®, It was found that the

oscitlations in colour result from oscillations in [Ce(IV)] and that free Br, does not appear

in detectable amounts.

The first thorough analysis of the mechanism of temporal oscillations in the BZ reaction
was presented by Field®, Koros and Noyes (FKN) in 1972. The FKN mechanism is quite
complicated and involves no less than 18 steps and 21 intermediates. According to the
FKN mechanism the oscillation in the BZ oscillator is based on two sets of essentially
non-interacting reactions, process A and process B. These two processes taker. together
represent a sort of bistability (two stable steady states between which the system can be
flipped by a suitable perturbation). These are coupled by a third process, C, that allows

the dominant process of the reacting system to be process A or B alternately. The study
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shows that bromide ion is the critical intermediate whose concentration determines
whether the process A (high [ Br ) or process B (low [ Br" ]) is the dominant process.
[Ce(IIT)] is oxidized in process B, and [Ce(IV)] is reduced in process C. The FKN
mechanism can be reduced to a much simpler model, usually called the Oregonator® that
has been remarkably successful in interpreting the behaviour of the BZ reaction and in

understanding the dynamic structure. It is summarised by

process A: A+YX+P
X+¥2 P

process B: A+X-RX+Z
2XM+P

process C: Y

k;, kj, ks, k, and kg are the rate constants of the five equations respectively, and f is a
stoichiometric factor. When [Y] is very large A is the control process in which X is
formed in the first step and most of it is removed in the second step. Y is depleted in
process A. When the concentration of Y is low enough, X is formed mainly by the third
reaction and removed by the fourth reaction. Process B then becomes the major process.
Z is produced in process B. The third reaction involves autocatalytic production of X.
This is positive feed-back. All of the presently understood examples of chemical
oscillators contain such feedback. It is process C (reaction 5) that makes this model
oscillate. Its function is, after a delay during which Z accumulates via process B, to
"poison" process B by the production of Y. This completes a delayed negative-feedback
loop. The concentration of Y increases; the system returns to restart process A again. ks
is very small. If ks were sufficiently large, the system would not oscillate but would

approach a stable steady state.
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For the thermokinetic oscillator the thermodynamic requirement is the same as for the
isothermal oscillator. However here non-linearity for a chemical reaction arises naturally
in the relationship between a rate constant and temperature. Most chemical reaction rate
constants obey the Arrhenius law, k=Aexp(-E/RT), where E is the activation energy, A
is the pre-expontial factor, and R is the universal gas constant. "Feedback" is realized by
the self-heating process. The heat produced during an exothermic reaction increases the
temperature of the reaction system. Then the temperature affects the rate constant

nonlinearly. The simplest model of a thermokinetic oscillator is composed of two first

order-reaction steps given by

A-~B rate=k, [A] (1)
B-C+Q rate=k,[B] (2)

It was first studied by Sal’nikov®, and later by Gary®®®. The oscillation of the
temperature and of the concentration of B could be monitored. A qualitative description

of the oscillation of a thermokinetic oscillator is given as follows.

As exothermic reaction (2) proceeds, heat is released. The result of self-healing is to
increase the system temperature. Since the rate constant, k, increases dramatically with
temperature, according to k, = exp (-E/RT), positive feed-back of heat is present.
Suppose E, < E, , or E, = 0. A "stationary state" in B can be reached when d{B)/dt= 0
and dT/dt = 0. A fluctuation or heat diffusion to the surroundings causes a temperature
drop. Then the local stability of the stationary state is lost. Subsequently the rate of

reaction(2) decreases and less heat is released. The system temperature decreases further,
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and the rate constant, k,, decreases dramatically. This is negative feedback. At a certain
point another stationary point is reached. However, the concentration of the intermediate
[B] increases since E, < E,. The rate of reaction (2} will increase again due to the
accumulation of B, releasing heat again. The result is the loss of local stability of the
second stationary state. Then the cycle begins again, resulting in a thermokinetically

oscillating system.

Several thermokinetic oscillators, most of them oxidation reactions of hydrocarbons, have
been studied %, such as CH,CHO +0,, 2C;H;+0, and C,;H,4+0, etc. Although much
more complicated mechanisms were applied to these systems, the basic requirements of

thermodynamics and kinetics must be satisfied by all of them.

1.7 Summary and Justification of the Present Study

In this chapter we have discussed classical nucleation theory, some kinetic models and
experimental methods for the study of nucleation. The classical nucleation theory is an
equilibrium rate theory. The steady state nucleation rate is given by J=Zk . [A,.] in which
[A,] is the equilibrium concentration of the critical cluster, A..; k;» [A,] is the rate of
the growth of critical clusters at equilibrium. The Zeldovich factor, Z, is used to relate
the steady state with the equilibrium state. In the calculation of the equilibrium

distribution macroscopic thermodynamic functions are employed. Therefore, in classical
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theory the key piece of information is the equilibrium size distribution of clusters; yet this
is treated in a casual way. Kinetic approaches avoid using the macroscopic surface
tension for small clusters by treating clusters (n<100) as large gas phase molecules
formed by the reaction A, + A = A, . The fundamental problem in kinetic models is

how to determine all of the rate constants for each reaction.

The essential part of nucleation theory is the kinetics of formation of the critical cluster.
The experimental methods discussed in the last section measure the rate of formation of

droplets rather than the nucleation rate

the relation between the nucleation rate
and the rate of droplet formation being unknown. Therefore, none of these experiments
can, at present, resolve any of the difficulties of the theory of nucleation, as the truly
microscopic world is beyond their reach, It is the purpose of this dissertation to explore
the kinetics of truly cluster formation and dissociation in the vzpour phase using shock
tube experiments and computer simulation. The present shock tube is equipped with a
laser-schlieren detector that is highly sensitive to the vapour density gradient. It is orders
of magnitude more sensitive than Mie scattering, and can follow changes in real time with
submicrosecond resolution. Consequently, information on production rates of subcritical
clusters (n<10) is accessible. The experiments are based on the assumption that there is
an initial cluster distribution in CCL,F vapour determined by the initial conditions such
as pressure and temperature, even in subsaturated gases. When a shock wave passes
through the vapour, there is a temperature and pressure jump. The new equilibrium

distribution of clusters will be reached by the process of formation and stabilization of

72



clusters. The laser schlieren technique can record a signal proportional to the density
gradient (proportional to the rate of heat evolution) caused by the exothermic and
endothermic reactions ( A,_,+A = A, ) and their allied stabilization reactions in the vapour
phase. The schlieren signal is the total change caused by all of these reactions. Hopefully
with computer simulation the contribution of each reaction can be determined, ie. the
rate constant for cluster formation can be found. The perturbation caused by the incident
shock wave is essentially instantaneous. Therefore, an additional advantage exists in that
one can avoid reliance on finite rates of thermal conductivity or adiabatic expansion for
establishing a non-equilibrium initial state, as in other methods we have discussed. A
. unique feature of the present experiments, though, exploits the sensitivity to heat release
allowing the study of the effects of thermal feedback on condensation —— an unexpected

property of the microscopic kinetics of condensation.
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CHAPTER 2

EXPERIMENTS

The shock wave technique is very useful for the study of physical and chemical
processes’2, This is largely due to three advantages. The first one is the wide range of
temperatures and pressures that can be covered in shock tube experiments. When
observations are made on the incident shock wave temperatures as high as about 5000 K
can be achieved. In reflected shock waves temperatures as high as 20,000 K can be
reached®. In the expansion wave temperatures below 150 K can be reached’’. The
second advantage is that the change of temperature and pressure is instantaneous, on a
time scale that corresponds to a few molecular collisions. Translational heating at the
shock front occurs in less than 5 collisions. The last advantage is the shock processes’
amenability to be monitored by very sensitive instrumental methods of detection, for
example, the schlieren technique. Therefore, it is not surprising that this method has been
used extensively for the study of the chemical kinetics of a variety of reactions such as
the decomposition of hydrocarbons™9>%, radical reactions”®, vibrational relaxation

processes’1%

and nucleation in vapour over a very wide range of temperature. In the last
chapter we already saw that the shock tube technique is very versatile and powerfu! for

studying nucleation over a large range of temperature,
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In this chapter we sh:;l} describe our experimental method for studying the kinetics of
cluster formation. First, the shock tube equipment and the formation of shock waves will
be discussed, then the measurement of the shock velocity and of the reaction rate, and the
cxpcrimemal procedure will be described. The properties of CCL,F vapour will also be

given in this chapter. In the final section we shall examine the schlieren signal.
2.1 Equipment Description
2.1.1 Shock Waves and the Shock Tube

In order to understand the formation of shock waves in a shock tube, it is necessary to

introduce the concept of a sound wave.

Piston Sound Wave

Fig. 2.1.1 Generation and propagation of a sound wave.

If a gas is confined to a long tube with a piston at one side, as shown in fig.2.1.1, and
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if the impulse produced by suddenly pushing a piston is infinitesimally small, the
compression wave produced by the impulse is called a sound wave. It moves through the
gas at a velocity equal to the velocity of sound. Sound consists of a succession of
rarefaclion and compression waves, across which the fluid properties, such as temperature
and pressure, change only infinitesimally. Therefore the process occurring in the wave is
reversible. Furthermore, the wave front itself is extremely thin. Changes in fluid propertics
occur very rapidly. The rapidity of the process precludes the possibility of any heat
transfer between the system particles and its surroundings. Therefore the sound wave
process is isentropic i.e. reversible and adiabatic. The velocity of sound depends on the

nature and physical state of the gas. For an ideal gas the sound speed®'%" g, is given by
a= lLP: l YRT (2.1.1)
p M

where 1 is the specific heat ratio.

If a piston in a tube is given a steady velocity of magnitude dV towards the right (fig.
2.1.2), a sound wave travels ahead of the piston through the medium in the tube at specd
a,. Suppose the piston is now given a second increment of velocity dV, gencrating a
second sound wave. It moves into the compressed gas behind the first wave at speed a,.
Each wave travels at the velacity of sound with respect to the gas into which it is moving,
Since the second wave is moving into a compressed gas having a slightly more elevated

temperature, the second wave travels with a greater absolute velocity than the first wave,
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Fig. 2.1.3 Generating a shock wave at time t2
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a, > a,, and gradually catches up with it. In a similar way accelerating the piston by an
amount dV again: a third sound wave is produced, which propagates at the sound velocity
a;. As explained above a, is bigger than a,. The third wave will eventually catch up to
the first wave too. No overtaking is possible because it would imply moving at the slow
velocity, a;, subsequently. A succession of these accelerations then gives a series of
increasingly rapid wavelets which catch up to each other, producing at the end a single
abrupt change where the small changes coalesce. This is a shock wave which moves into
the undisturbed gas with a speed greater than either the speed of sound in the original

unheated gas or of the piston itself. In fig. 2.1.3 the dramatic rise of pressure due to the

shock wave is shown.

In contrast to a sound wave, a shock wave is an adiabatic but irreversible process because
across the shock wave there is a big change in fluid properties. Another difference
between a sound wave and a shock wave is that the sound wave is transmitted in the gas
by collisions between gas molecules; there is no net flow. However, in a shock wave
molecules will be carried along with the flow in the direction of propagation. The shock

wave has a Mach number greater than unity. Mach number, M,, is defined by the

equation’®

yt (2.1.2)

where u, is the shock velocity and a is the speed of sound in the test gas.
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If the piston moves in the opposite direction, an expansion wave will be generated, which
moves at sound speed in the same direction as the piston. When the piston is given a
second increment of velocity, a second expansion wave is produced and moves into the
expanded gas behind the first wave. In this case the second expansion wave is travelling
at a lower speed because it is moving into the already expanded and cooled fluid in which

the sound speed is lower. In this manner the expansion wave spreads out,

The simplest shock tube is a long metal pipe of constant internal cross-secticn. It is
divided into two sections (test and driver) by a thin plane diaphragm. The experimental
sample is filled into the test section at the desired pressure, Py, and temperature Ty. In the
other section a high pressure, P, of a light gas, such as helium, is introduced. When the
diaphragm is suddenly removed or broken, a shock wave is generated since the driver gas
pressure is much higher than that of the test gas and the driver gas acts as an accelerated
piston. This shock wave is called an incident normai shock wave which propagates into
the test section. If the translational temperature of the gas is not perturbed by chemical
processes, or the effect of this process is so small that it can be neglected, the ideal theory
predicts that region 2, the incident shock region, is a hot zone of moving gas of uniform
pressure, P,, and temperature, T,. When the shock wave reaches the end wall in the test
section, it is reflected backwards. Region 5 denotes the reflected shock region which is
an even hotter zone of stagnant gas of uniform pressure, Ps and temperature, T (sce fig.
2.1.4.) At the same time that the shock wave is generated, an adiabatic expansion wave

is produced and propagates to the driver side, forming an expansion fan. Region 3 denotes
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the expansion fan in which the temperature and pressure is not constant, both of them
decreasing as the expansion fan grows. In principle, if the velocity of the shock wave is
known the properties of all of the different regions can be calculated using the
conservation laws of gas dynamics and the equation of state of the gas'® The desired
temperature and pressure in regions 2 and 5 can be realized by adjusting the pressure
ratio, P,/P,. There are upper limits to the temperature ratios, ToT,, which are determined
by the thermodynamic properties of the test gas as P,/P; —seo. In our study the incident
shock region is monitored. Behind the incident shock, the gas molecules are always
moving, and therefore, observation time at a fixed station is always less than true heating
time. The maximum observation time is limited by the arrival of the contact surface

(separating test gas and driver gas) at the station.

All of the 190 experiments reported in this study were done with two different size shock
tubes. One was a nickel coated-steel shock tube. The internal dimensions of the test
section measured 6.8 cm by 6.8 cm, and it was 318 cm long. The high pressure driver
section { 9.5 cm internal diameter) was 123 cm long. These two sections were separated
by an aluminum foil diaphragm. Experiment No.1 to 130 were performed with this so-
called "old tube". The remainder were performed with-a "new tube”. It was a stainless
steel tube shown schematically in fig. 2.1.5. The test section was 730.0 cm long, and its
cross section was 9.3 cm by 8.3 cm. The length of the driver section was 380.0 cm, and
its diameter was 15.3 cm. The test section of each tube could be connected to the sample

container or to the pump or to the mixing tank, depending upon whica valves were
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opened. A mercury manometer could also be connected to the test section, when the
pressure of the sample to be introduced into the test section was to be measured, The
driver section of the tubes was connected directly to a high pressure helium cylinder. The

vacuum in the system was measured with an Edwards Vacustat high vacuum gauge.

In the test section of each tube, there was a main observation window for the
measurement of the main schlieren signal in the axial direction. The distances between
the observation station and the diaphragm position were 617.0 cm and 258.3 cm for the
new and old tubes respectively. There were several observation windows located upstreain

and downstream of the main observation window of each tube for the measurement of

shock wave velocity.

In order to approximate to a one dimensional flow both test sections had constant cross-
sectional areas throughout. The tubes were straight and the interior surfaces of both tubes
were smooth, The test sections themselves were clamped to the concrete floor of the

laboratory to avoid recoil.

2.1.2 Gas Handling and Gas Mixture Preparation

Liquid CCL,F (trichlorofluormethane) was stored in a glass container that was connected
to the test section of the shock tube and the mixing tank. Valves controlled the gas flow

between the test section and the CCL,F container and between the mixing tank and the
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container, Pure CC,F (99.9%) manufactured by DuPont de Nemours as C.P. Grade
"Freon-11" was used in experiments without further purification. The dissolved air was
removed by two cycles of freezing, pumping, and melting. Liquid Freon-11 was first
frozen using liquid nitrogen. Then, the air in the top part of the container was pumped
out. After this, the frozen CCLF was melted at room temperature. This process was
repeatéd three times. After removing the air and after the CCl3F sample returned to room
temperature, the sample could be evaporated either directly into the pre-evacuated test
section for shock wave experiments or into a pre-evacuated steel mixing tank for mixture

preparation.

Steel storage tanks of 180 L capacity were used to prepare the mixture of CCl,F with
argon or the mixture of SF, with CCL,F . The leak rate in the tank was less than 103
mm Hg per minute. The amount of CCLF in the mixture was determined by the partial
pressure. First, the degassed CCL,F was evaporated into a tank. After reaching the desired
pressure as measured by a mercury manometer ultrahigh purity Argon (>99.99% purity
from Matheson) was introduced into the tank directly from the cylinder without any
further purification until a pre-determined total pressure was reached. After this step the
mixture was allowed to stand in the tank for at least 24 Lours before use. The mixture
could be directly introduced into the test section of the shock tube. The pressure of the

gas in the test section was measured using a mercury manometer.

2.1.3 Detection System
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2.1.3.1 Laser Schlieren System

Even though the laser schlieren technique is a simple method, it is capable of detecting
fast changes in gas density, [dp/dy], that result from endothermic and exothermic
reactions. In the experiments we expect the following heat exchange process to take place.
CCL,F vapour at or close to the vapour pressure is shock compressed. The translational
terperature and pressure increase instantly. Rotational and vibrational relaxation, which
are endothermic processes, take place. Consequently, the translational temperature drops
somewhat, but after the initial temperature jump and pressure-jump. The cluster
distribution is perturbed, and approaches a new equilibrium distribution. Condensation
releases heat and generates another rotational and vibrational relaxation. All of these heat
exchange processes can be measured directly by the laser-schlieren technique which is
highly sensitive to rapid density changes and has excellent temporal resolution. Since a
detailed and thorough discussion of this technique has been given by Teitelbaum'® and

by Kiefer'®195, here we only give a brief outline.

The laser-schlieren technique is based on geometric optics. Because of the dependence
of the speed of light on the refractive index, n, if a ray of light traverses a medium having
a refractive index gradient (schlieren), Vn, normal to the propagation direction, it will be
deflected in the direction of increasing refractive index. In shock tube experiments the ray
is replaced by a narrow laser beam. The refractive index gradient is caused by the density

gradient. Therefore, the recorded deflection of light determines the density gradient
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established in the post-shock gas. The density gradient can be related to the rate of

reaction in the post-shock flow'® .

Under conditions where (a) the refractive index n=1, (b) deflections are small and (c) the
laser beam is initially perpeadicular to the axial flow, the deflection of the laser beam by

a refractive index gradient, dn/dy, is given by

(2.1.3)

in which W is the internal width of the test section of the shock tube and y is the
coordinate of the laser beain corresponding to the axis of the shock tube, (see fig 2.1.6

). The index of refraction is related to density, p, by the Gladstone-Dale law'%

n=1+kp (2.1.4)
where x is called the specific refractivity or Gladstone-Dale constant. For CCl,F monomer
its value'® is 0.229 cm® g™ Then the angular deflection of a ray will be

=k dP 2.1.5
6 KW.aj_, ( )}

Condition (a) is satisfied well for gases: xp is negligible compared to 1. The second

condition (b) is also satisfied under our experimental conditions. Condition (c) is easily

satisfied and checked routinely in our experiments (see section 2.2).
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Fig. 2.1.6 Generation of schlieren signals
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A small angular deflection, 6, can nevertheless cause a big lateral displacement of the

laser beam on the surface of a photodiode detector. The displacement, 4, is given by

=PO= dp 2.1.6
A=D8 DKWH;‘/ ( )

where D is the distance between the centre of the shock tube and the detector surface. For

the old tube D = 293 c¢m, and for the new tube, 271 cm.

When the test sample is a mixture of several gases the specific refractivity, X, of the
sample can be calculated from the following weighted average

Lk XM,

= i 2.1.7
N> @LD

where X; is the mole fraction of component i, K; is its specific refractivity and M, is its

molar weight.

The laser schlieren system used in our experiments is shown in fig. 2.1.7. Tt consists of
a laser, a photodiode detector and a digital waveform recorder. A low noise Spectra
Physics Model 120 He-Ne laser (at 632.8 nm) supplies a TEM¢ beam of 8 mW total
power. The beam diameter is 0.81 mm (distance between e2 points) and its divergence
is 1.0 mrad. The laser beam passes through the shock tube perpendicular to its axis and

then hits the photodiode detector. Before the experiment the beam is centred on the diode
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(see fig 2.1.6). The output of the diode is null. When the shock wave reaches the window
the laser beam experiences a density change caused by the chemical reaction ( in our
experiment caused by vibrational relaxation and the formation, stabilization and
dissociation of clusters). The gradient of the index of refraction caused by the density
change deflects the laser beam through a small angle. The detector then generates a
voltage signal which is differentially amplified, recorded by the digital waveform

analyzer, and later analyzed with a computer.

The detailed description of photodiode detector including the electronic circuit can be
found in reference 103. It was constructed in this laboratory. It is a quadrant-connected
photodiode (United Detector Technology PIN-Spot/9). The main characteristics of the
photodiode are : 1 cm? active area, 0.5 mA/mV sensiﬁvity with linearity better than 1%,
0.25pA dark current, 25 pf capacitance and a noise-equivalent power of 2x10°® watts. A
0.01 ps high efficiency response to visible light can be obtained with a signal-to-noise
ratio betier than 20,000 to 1'%, The voltage generated from each quadrant, v,, which is
proportional to the light power that falls on it, can be measured with an oscilloscope. This
measurement is done routinely to check if each quadrant generates the same voltage.
With this detector three kinds of signal can be measured. First is the difference between
the signals generated by the right half of the detector and the left half of the detector, (v,-
v,). This signal is produced by deflectionlof the laser beam in the horizontal direction,
and it is the signal we measure in each experiment. The second signal, (v-v,) is produced

by the beam deflection in the vertical direction. The third signal is the sum of all voltage
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signals generated by the four quadrants. The source of that signal is the bias potential of
the photodiode. If the detlection of the laser beam is small, and assuming that the laser
beam remains on the active area of the diode during the measurement this output signal
should be a constant. If the beam is deflected out of the active area, by eg. the passage
of the shock front then the total current generated is a function of time. In order 1o avoid
pick-up or interference from other electronic equipment, the photodiode and the electronic
circuit of the amplifiers are placed in a single metal box, which are fixed onto a
translation stage mounted on an optical bench. Therefore the box can be moved in both
vertical and horizontal directions and can be rotated. Before each experiment the signals
are used to confirm that the laser beam is on the centre of the surface of the detector.
While simultaneously measuring (v;-v,) and (v,-v;) on two oscilloscopes (Telequipment
Oscilloscope Type D1011) the position of the detector is adjusted until the signals are

Zero.

The digital waveform recorder is a Gould Biomation model 8100 waveform analyzer. The
sampling interval is selectable from 0.01ps to 10 s. The resolution of the digital converter

is 8 bits( 1 part in 256) at all sampling rates. The memory of the recorder is 8 bits x 2049

words.

The laser, mirrors and photo-detector are mounted on the same large heavy concrete
bench. Therefore, the laser source and the detector oscillate in phase if at all and

extraneous vibration does not affect the schlieren signal measurement, since the shock
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tube is not in physical contact with the optical system.

2.1.3.2 Measurement of Shock Velocity

The shock wave velocity is the most important parameter measured in the experiments,
because the physical properties of the shock wave are calculated from it. The shock
velocily is determined by measuring the time that is taken by the shock wave to move
from one observation window to another, separated by a precisely known distance. The
arrival of the shock front at each window is detected by the schlieren optical method. A
laser beam from a He-Ne laser (632.8 nm) (Uniphase Model 1105P) passes through each
window. Since there is a very abrupt change in density from unshocked gas to shocked
gas, the laser beam is deflected when the shock front amrives at the window. The
deflection of the laser beam is detected by a quadrant-connected photodiode. Four velocity
measuring stations were used in each shock tube. Three of them are upstream of the main
window and one downstream of the main window in the new tube. In the old tube two
velocity measuring stations were located before the main window, and the two behind it.
The signals generated by the four photodiodes were amplified and summed in a unit
constructed by the electronics shop at the Department of Electrical Engineering at the
University of Ottawa. Finally the signal is displayed and stored on a digital oscilloscope
(NICOLET 290-111). The four peaks on the oscilloscope correspond to the arrival of the
shock front at the four velocity measuring stations. The time of arrival is read directly

from the oscilloscope. The shock velocities between stations are calculated by dividing
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the known distances by the measured time intervals. These velocities could be determined

in this way. Generally, it was found that the shock speed was constant with a slight

deceleration of 1.1% per meter.

2.1.4 The Properties of CCI,F Vapour.

In this section we shall discuss the deviation of CCL,F vapour from an ideal gas. Since
the pressure of CC),F vapour is close to its vapour pressure in our experiments the vapour
of CCL,F should be treated as a real gas. Its enthalpy is a function of both temperature
and volume. The ideal gas law is not valid for CCI,F vapour under our experimental
conditions. Since the shock parameters, T, and P, are quite sensitive to the enthalpy
change the most accurate enthalpy functions are required. The thermodynamic data for
CCL,F used in the shock parameter calculation and computer simulations are from "Tables
on the Thermophysical Properties of Liquids and Gases"'®, In that book, the volume
per kg (vapour and liquid), enthalpy and entropy of liquid and vapour, vaporization
enthalpy and vapour pressure of CCL,F are tabulated for temperatures between -60° and
140 °C and for selected pressures (see Appendix 2.1.6). In fig. 2.1.8 the vaporization
enthalpy is shown as a function of temperature. The vaporization entropy as a function

of temperature is given in fig. 2.1.9.

The P-V-T data for CCLF at low pressures agrees with the ideal gas law, but as the

pressure of the vapour approaches its equilibrium vapour pressure the disagreement

93



Heat of Vap. (Kj/mol)

33
321
311

30 -

261
25-2
24-i
231
zz-f

211

20

250

Fig. 2.1.8 Heat of vaporization vs temperature for CCLiF from reference 108,

94



0.15
—_ .".
—y a
\ “a
— .‘..
— 0,101
O ..l
g
2, -
Q &
g .
Y a
o -
h a
0, 0.051 .
Q
3
o=
m
0.004
e NE— U f—r———t—— .
250 300 350 400 450
Temperature/K

Fig. 2.1.9 Entropy of vaporization vs temperature for CCL,F from reference 108.

95



increases. The percentage error is as big as 10% at 343 K and 3000 mm Hg. This is
shown in fig. 2.1.10, in which the broken line is calculated from the ideal gas law and
the solid line from the published data. In order to condense the information the P-V data
at a given temperature (from T= 273 K to 520 K) was fit, in the present study, to the
equation P = RT/(V+b). The parameter b which best fits the data is a function of
temperature and is shown in Table 2.1.1. P could then be evaluated from the equation
P=RT/(V+b) for a given volumne and temperature if b is known at that temperature.
Similarly, V could be found with known P, T and b. Good agreement between the fitted

data and the reference data was obtained with the error less than 3%.

The table of values for b and the corresponding temperatures were used as input data for
the computer program used to calculate the shock wave parameters. In the present
calculation at any temperature between 273 and 520 K, b(T) was obtained using a cubic
spline interpolation method'®. The interpolation was used in the shock parameter
calculation and the computer simulation. It is a piece-wise polynomial approximation
achieved by fitting a cubic polynomial between each successive pair of data. This is done
by constructing a cubic function on [xy, x,] agreeing with the function at x, and x,,
another cubic on[x,, X,] agreeing with the function at x, and x, and so on. Since a general

cubic polynomial involves four constants (f = ay + a,x + a,x> + a;x° ), there is sufficient
flexibility in the cubic spline procedure to ensure not only that the interpolation is
continuously differcntiable on the interval but also that it has a continuous second
derivative on the interval. The data interpolated with this method agrees with the

reference data within 0.2%.
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Table 2.1.1 The fitted parameter (b) of the P-V-T equation of state for CClyF.

T (K) b (dm*mol)

273.15 0.9000243770
283.15 0.8505771536
293.15 0.8087479663
303.15 0.7638705989
313.15 0.7358700700
323.15 0.6988121712
333.15 0.6695868990
343.15 0.6421926383
353.15 0.6019880373
363.15 0.5867150207
373.15 0.5678202321
383.15 0.5485156511
393.15 0.5284387617
403.15 0.5064686259
413.15 0.4697285245
423.15 0.4368257251
433.15 0.4099875814
443.15 0.3781677787
453,15 0.352211574
463.15 0.3265756462
473.15 0.3063187738
483.15 0.2854921011
493.15 0.2654888679
503.15 0.2469125506
513.15 0.2294547639
523.15 0.2129328637

98



14000 4

12000 -

10000 -

8000 -

6000 -

Pressure/mm Hg

4000 4

2000 -

Temperature/K

Fig. 2.1.11 Vapour pressure vs temperature for CCL;F, Line is calculated from formula given in

reference 110. As are data from reference 108.
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The equilibrium vapour pressure was calculated using the formula given by T. Boublik
et. al''®, The results were checked with the data from reference 108. Good agreement
was obtained between the calculated value and reference data. In fig. 2.1.11 the linc
shows the calculated vapour pressure of CCL,F as a function of temperature, while the

points show the data from reference 108.

The enthalpy-temperature data is given at the pressures 22.5, 37.5 75, 150, 300, 450, 600,
750, 125, 1500, 2500, 3000, and 4500 mm Hg in reference 82. Some of these data are
plotted in fig. 2.1.12, in which it is clear that the enthalpy of CCL;F vapour is a function
of both temperature and pressure. The enthalpy and temperature data from refercace 108
was fitted to the equation H = ay + a,T® at each given pressure. First a value of o was
guessed and then substituted into the equation. Then, a least squares method was used to
find the values of a, and a,. Then, the value of o was changed ( either increased or
decreased ), to find new values of a,; and a,. After comparing the difference between the
calculated values with different o and reference values, we could zero in on the value of
o, by iteration. Since the enthalpy of a real gas is a function of pressure, the paramelers
a5, 4, and « also vary with pressure, as shown in Table 2.1,2. The values of a,, a; and
o at any intermedate pressure were calculated by cubic spline interpolation between the
entries in Table 2.1.2. The comparison of the fitted values with the reference data show

a percentage error of less than 2% .
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Table 2.1.2 Parameters for fitted enthalpy of CCL,F vs pressure.

P (mm Hg) a, (kJ/mol) a; (kJ/mol K) o
22.5 584.3214800 0.0386221 1.412400
37.5 584.1109242 0.0390109 1.410900

75 583.9658229 0.0390555 1.410800
150 575.8664086 0.0633401 1.337100
300 574.9772786 0.0647575 1.334000
450 573.7518356 0,0670800 1.329000
600 571.7684459 0.0719276 1.318900
750 570.1260789 0.0758353 1.311300
1125 567.2664054 0.0818157 1.300600
1500 564.0077966 0.0895526 1.287800
2250 558.6028258 0.1017952 1.2699500
3000 551.3389198 0.1231841 1.2430500
4500 541.8687340 0.1461620 1.2200500
6000 521.5522235 0.2391646 1.1510000
7500 501.7091485 0.3592392 1.0948800
9000 482.6744033 0.5006909 1.0499000
10500 459,2415242 0.7370550 0.9976502

102



2.2 Experimental Procedure
2.2.1 Experimental Methods

Accurate alignment of the beam normal to the shock tube axis is important for good
spatial resolution. In order to get reliable signals the following calibration and alignment

of the schlieren optical system was performed before each experiment

The beam wes aligned normal to the shock tube windows by superimposing reflections
from the observation window with the incident laser beam at a distance of several melers.
In the same way, the laser beam exiting the shock tube could be made normal to the
surface of the detector in the horizontal plane. However, the laser beam was slighty

misaligned in the vertical plane to avoid that reflected radiation from the surface of the

detector reentered the laser source.

Before each experiment, the unamplified signal from each quadrant waus checked using
a Telequipment Oscilloscope (Type D1011). This was done by measuring the voltage
generated by each quadrant when the laser beam fell onto that quadrant. It was found that

the difference of these four signals was less than 0.1%.

One of the most important checks was to make sure that the gains of the two diffemntial

amplifiers were identical. This was adjusted when constructed, but it was checked
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regularly. The gain, G, was measured by comparing the amplified and unamplified signals

generated from each quadrant of the photodiode.

Before every experiment the laser beam was centred on the photodiode very precisely by
measuring the two differential signals originating from the quadrants (2,b,c). V. and V4
were measured simultancously, and the position of the detector, sitling on a y-z translation
stage, was adjusted until the outputs of the two differential signals on the oscilloscope

were each zero.

Both the test and driver sections of the shock tube were was evacuated to less 10" mbar
(checked with a vacuum meter Edwards Vacustat) using a rotary pump (Edwards High
Vacuum Model EDM12). The vapour of the degassed CCI,F was evaporated into the test
section directly from the storage vessel. After the test section was filled, about 10 minutes
were spent waiting for the vapour to reach room temperature. During this time the laser
beams for both the schlieren system and the velocity measurement system were aligned
and centred on the detectors. The Biomation waveform recorder and the Nicolet digital
oscilloscope were reset. The initial temperature of the gas was taken to be the
temperature of the shock tube as read from a thermometer that was attached to the tube.
Tt was measured before firing the shock as was the initial pressure of the gas in the test
section (which was read from the mercury manometer). After this step the driver gas,
helium, was introduced into the driver section from the end plate driver section, until the

pressure of helium was high enough to burst the aluminum diaphragm separating the test
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and driver section. The strength of the shock wave was determined by the pressure ratio,
P,/P,, of the driver and test sections at the moment of bursting. P,/P, is controlled by the
thickness of the diaphragm. (After each experiment the mixture of Frecon-11 and Helium

was pumped though a cold trap. Freon-11 was collected for recycling.

When the shock front crossed the laser beam used for quantitative measurements at the
main observation window, the Biomation wavcform recorder was triggered by the signal
generated by the shock front itself. The signal was recorded in the Biomation’s memory,
and could be transferred later to the Nicolet digital oscilloscope for display, and stored
on a floppy disk, or transferred to computer for further processing. Since both the
Biomation unit and the Nicolet unit are equipped with a pre-triggering function, they were
able to record the sign_al before shock arrival thus providing an uncquivocal zero base line

in the schlieren signal for each experiment.

175 experiments were performed on CCLF vapour at different initial pressures, at
different shock strengths, and in two shock tubes of different cross-section and length, A
wide range of temperatures and pressures could be accessed for pure CCLF. It made it
possible to study the kinetics of cluster formation under different experimental conditions.
Experiments with several other gases including Ar, CCl,, SFg and CH, were also
performed as controls. This made it possible for a systematic diagnosis of unexpected
observations. These included four experiments with CH,, 4 experiments with mixtures

of CCLyF and Ar, three with mixtures of CCL;F and SFg, one with pure SFg, one with pure
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CCl,, and several with pure Ar and air.
2.2.2 Calculation of Shock Wave Parameters

In principle, all the physical properties behind the incident shock wave can be directly
calculated on the basis of the thermodynamic properties of the shocked gas and the
measured incident shock wave velocity. If there are no chemical reactions, and no

1 can be used in the calculation. It is

radiation, the Rankine-Hugoniot equations'
convenient to consider the gas motion relative to the shock front. The shock front is
considered to be at rest, and the test gas can be thought of as entering the front with a
relative speed u, and leaving with a relative speed u,. The mass flow per unit area is the

product of the density and the velocity of the flow. Mass conservation require that we

have

pPLU, =P, U, (2.1)

Momentum conservation requires

Py +p,uf =P, +p,l; 2232

in which pu? is proportional to the momentum flow, and P is the pressure. Since a

shock wave is an adiabatic process the stagnation enthalpy per unit mass, h=h+u?2, is
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conserved'®!, Then

2 2
u u
hy+ 1 =h,+ 2 (2.2.3)

In these equations the subscript 1 denotes the initial state of the test gas, i.c. the state
before shock arrival, and 2 denotes the properties behind the shock front, after the vapour
molecule’s vibrational energy has equilibrated. p is the density of the vapour in units of

kg m™>, h is the enthalpy of the vapour in units of J/kg, and u is the velocity of the shock

wave in m/s.

So far, we have three equations with four unknowns, The fourth equation is the P-V-T
equation of state. Since in our experiments the gas pressure is close to the vapour pressurc
of CCL;F there would be large errors if the ideal gas law were to be used. Therefore,
we used the equation which best fit the P-V-T data and which we described above,

namely

-_ RTp 2.
P=twpBT @224

in which b is a function of temperature as shown in the last section and has units of

dm*mol.

The enthalpy of the vapour was obtained from the fitied equation
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H=ay+a, T (2.2.5)

As we have already pointed out, a,, a, and o are functions of pressure. Their values at
any given pressure and temperature can be calculated by employing the cubic spline

interpolation method. H is in units of k¥/mol while h is in J/g.

Equations 2.2.1 , 2.2.2,2.2.3, 2.2.4 and 2.2,5 comprise five equations in the five variables,
P, p, T, h and u. For CCI;F we already know H(T,P) as well as the initial conditions
(subscript 1). Therefore by solving the above equations the post-shock parameters

(subscript 2) can be obtained. This is done as follows.

From Eq. 2.2.1 and 2.2.3 u, can be writien as a function of h and p as
4= 2 (hy-hy) (2.2.6)
(1-p1/p2)

From Eq. 2.2.2 and Eq.2.2. 6 P, is given as

227
“1+p 702

Py=P, +py

Substituting equation 2.2.4 we then obtain
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P2 _ ATy | 2{hy~h)

= 2.2.8
M¥PyDy M+ Dy P R(L1+p,/p>) 28
Let
- (hZ-hl ) M 2 2 9
Y=o - (2.2.9)
and
x=D1 (2.2.10)
P2
With this a quadratic equation results
T X2+ [ (1+C,) T} +2y~T,] X+ (T} +2y) C,~T,=0 (2211

in which T;=T/(14+C,), C;=pby/Mand C, =p,by/M. C, and C, are unitless
constants. T; and y have units of temperature. This equation is the cornerstone of the
shock-parameter calculation. Comparing with the equation for an ideal gas shock wave
given in reference 111, the difference is that y is a function of both temperature and
pressure in our equation. Therefore X depends on both T, and P,. The calculation is more
complicated than that for an ideal gas. In the calculation for a given T,, at first, a trial P,

is chosen. Then h, can be calculated. After X is calculated from eq. 2.2.11, a new
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pressure, P; can be calculated from eq. 2.2.7 and compared with the original P,. P; now
takes the role of P,, and the above calculation is repeated until the difference between
P, and Pé is less than one part in 107. This calculation can be repeated for many choices
of T, and P, spanning a range of experimental interests, from which a calibration graph
can be constructed permitting T, vaiues to be inferred from given initial P, T, and shock
velocity, u,. Similarly the corresponding pressure, P,, and X can be found. p, can be
found easily from equation 2.2.10. Graphs of T, as a function of u, at the initial
temperature of 291 K are shown in Fig. 2.2.1 in which the broken ling is for an ideal gas,
and the other lines are for the initial pressures of 300, 400, 500, 600, 650, 700 and 750
mm Hg respectively. It can be seen that as the initial pressure increases, the deviation
from the ideal gas calculation increases. Fig. 2.2.2 shows how P, changes as a function
of u, for an initial temperature of 291.15 K and initial pressures of 300, 400, 500, 600,
650, 700 and 750 mm Hg. The broken line is for an ideal gas at initial pressure 300 mm
Hg. Fig 2.2.3 shows the density ratio, p,/p;, as a function of u;. As an aliernative
procedure, we can start from the trial T, and P, values, and use the experimental valucs
. of the initial conditions (P,, T, and p,) and the measured shock velocity u;. Then we
would calculate the shock speed, u,., compare it to the experimental measured value, uy,
and then change the trial value of T, until the difference between u;. and v, is small
enough. In our calculation the trial values of T, and P, are the values calculated when
treating CCL;F vapour as an ideal gas. The calculated results for the state immediately
after the shock front are listed in Appendix 1. The computer program used to perform the

calculation is listed in Appendix 5.
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2.3 Experimental Schlieren Signals

Some typical examples of a laser schlieren signal obtained from CC]3F experiments are
shown in figs. 2.3.1 to 2.3.4. These signals, as for all of the other signals, are
characterized by large negative and large positive spikes caused by the interaction of the
laser beam with the curved shock front'®, However, this effect dies down within 5
microseconds. Then rotational and vibrational relaxation processes proceed. These
endothermic processes cause the temperature to decrease and the ¢ 2nsity to increase, thus
giving a positive signal'®, Otherwise, if the process is exothermic, such as condensation
or clustering, the temperature will increase and the density will decrease. In that case the
schlieren signal is negative. There are no bond-breaking reactions since the post-shock
temperatures, T,, for all CCl;F experiments, are below 450 K. If the initial pressure is far
away from the vapour pressure corresponding to the initial temperature, the shock is not
too weak, and the signal is similar to the one shown in fig 2.3.1. The positive signal
decays very fast to a negative value and stays negative for a short time. No oscillatory
signals appear before exothermicity becomes evident. However, if the initial pressure is
above a certain value (say 350 mm Hg at a temperature of 291.15 K) or if it is close to
the vapour pressure and if the shock is not too strong, (Mach number ~ 1.1 to 1.5) the
schlieren signal becomes negative with an oscillatory signal superimposed on it even
before exothermicity is evident. This kind of signal is shown in fig. 2.3.2. All of these
kinds of signals are quasi-periodic on a short time scale, and irregular on a larger time

scale. When the initial pressure is very close to the vapour pressure and the shock is very
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weak, oscillatory behaviour disappears leaving only exponential decay as shown in fig.

2.3.3.

A schlieren signal for carbon tetrachloride is shown in fig. 2.3.4. The initial temperature
(T,) is 291.4 K; the initial pressure (P;) is 85.6 mm Hg; and T, is 529 K. It is a quasi-
periodic signal superimposed on the exponentially decaying curve. After a short time
( about 20 microseconds ) the quasi-periodic signal becomes a chaotic signal. At the same

time the signal becomes negative overall.

A schlieren signal for methane is shown in fig. 2.3.5. The initial conditions are T, =
294.3 K, P, = 86.0 mm Hg, T, = 350.0 K, and P, = 172.4 mm Hg. No oscillations or
chaotic signals are observed, but rather a smooth exponentially decaying curve. Another
important difference between CCLF and CH, is that for CH, the signal never becomes

negative.

Fig. 2.3.6 shows a schlieren signal for sulphur hexafluoride at thé initial conditions:
T, = 2930 K, P, = 361.5 mm Hg, and T, = 310 K. There are no oscillations
superimposed on an exponentially decaying curve within the first 100 ps. The signal

becomes negative within a few microseconds. Only much later do some peaks appear.

A schlieren signal for a mixture of 50% CCLF and 50% SF, is shown in fig. 2.3.7 at the

initial conditions T = 292.0 K and P, = 745.3 mm Hg. The signal first becomes negative,
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then oscillatory and finally chaotic.

The signals for the experiments are reproducible, as long as the same experimental
conditions are employed. These include initial temperature and pressure, the same material
and thickness of diaphragms and the same manner of introducing the driving gas. (The
speed at which helium enters the driver section and breaks the diaphragm can make a
difference in the postshock conditions and hence in the experimental results, and it is
actually very difficult to reproduce initial conditions.) As shown in two pairs of
experiments, (No. 107 vs No. 108 and No. 8 vs No. 92, shown in figs 2.3.8, 2.3.9, 2.3.10
and 2.3.11 respectively), identical experimental conditions give rise to essentially the
same schlieren signals. As will be discussed later, two experiments governed by non-
linear dynamical laws give results which are identical at early times and which gradually
diverge cither in the chaotic regime, the oscillatory regime, or the monotonic regime. The
spectacular similarity of the above two sets of chaotic results is positive proof that the

condensation experiments form an example of a non-linear dynamical (kinetic) system.

2.4 Discussion of Experimental Observations

In order to understand the origin of the oscillatory signal, we performed several
systematic diagnostic tests. These checks were of two sorts. The first kind of check
involved comparing the schlieren signal obtained from two shock tubes of very different

dimensions. We checked the total signal, i.e. the summed output of the four quadrants as
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well as the differential signal, and we compared the observed oscillation frequencies with
the frequency of an acoustic wave in steel and quartz. From these checks we concluded
that the observed oscillations are not caused by any physical source, such as mechanical
vibration of the shock tube or interference from nearby electronic circuits, or the vibration
caused by sound waves propagating in the stcel tube or in the quartz obscrvation
windows. The second sort of check involved measurement of the schiieren signals for
other carefully chosen gases. The result of this check together with the knowledge of the
chemical reactivity of pure CCLF under our experimental conditions lcads to the
conclusion that oscillations appear as long as the condensable test pressure of gas is very
different from the equilibrium vapour pressure. It is most probably related to an

exothermic reaction occurring in the shock compressed gas, such as clustering .

2.4.]1 Physical and Acoustic Waves

In our experiments, two diffefent shock tubes were used. The two tubes differ in both
length and cross sectional area, as we described in section 2.1. Despite the big difference
in tube dimensions, the schlieren signals have the same features. At a certain initial
pressure for weak shocks in both of them an oscillatory signal was superimposed on an
exponentially decaying curve which went negative; while at low initial pressures and for
relatively strong shocks (M>1.6) the oscillatory signal disappeared leaving a quickly

decaying curve which became negative. Experiment No. 37 performed using the old tube
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and 149 using the new tube (sce figs. 2.4.1 and 2.4.2) show that if the initial pressure and
temperature and the shock velocity are close, the schlieren signals are similar. The main

features are independent of the dimensions of the tubes.

The pre-triggering feature of the waveform recorder allowed the baseline to be recorded
for each schlieren signal prior to the big negative spike caused by shock front. The
baseline of each signal was stable and smooth. No o,scgillations or chaotic signals were
observed there (see e.g. fig. 2.3.5 or 2.3.2). From this :we can conclude that oscillations
are not produced by the electronic circuits of the detection system. However, we still
cannot exclude the possibility that the oscillations or chaotic signals are caused by
interference from other electronic equipment nearby or by the laser beam, if it is unstable.
Since the detector system amplifies the difference of voltages generated by the left half
and the right half of the photodiode, then if there were some oscillatory interference from
other sources or from the laser beam itself, the baseline could still appear to be stable
when the laser beam is centred on the detector surface. When the laser beam is deflected
to either side, these outside interferences of a chaotic or oscillatory nature would not be
cancelled by the differential amplifier. This may cause oscillatory or chaotic signals to
appear on the schlieren signal after shock arrival. This possibility can be excluded by
checking the total signal generated by the detector. The 4 signals generated from the
photodiode quadrants were summed and recorded (see fig. 2.4.3). Whereas the differential
arrangement responds to spatially dispersed signal generators (e.g. refraclive index

gradients) but not to temporal variations in the opto-electronic source, the sum signal
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behaves in a complementary fashion, being sensitive only to temporal variations rather
than to spatial variations. This signal did not show any oscillations or noise cither before
shock arrival or after shock arrival, i.e. before the laser beam was deflected or after.
Furthermore, the laser mirrors and the detector system were on the same heavy
vibrationally isolated cement support as described in the last section. This rules out the
possibility that the oscillatory signal was caused by the relative movement of laser and
detectors, Consequently we can conclude that the laser beam was stable, and the
oscillatory and subsequent chaotic signal was not the result of any source inside or

outside of the detection system.

Are the oscillations caused by acoustic waves propagating in the quartz observation
window, i.e. by motions of or in the window relative to the optics ? If this were the case,
the frequency of the oscillation of the schlieren signal would be constant at constant room
temperature. But the frequency of oscillation, f, varied with the Mach number, the initial
pressure and identity of the test gas. The results of a calculation of resonant frequencics
are given in Appendix 5, in Which 2,0, 8yeey a0 gy, are the sound speeds''™? in
stainless steel, steel and quartz respectively. They are 3100, 3235 and 3764 m/s in the
transverse mode respectively, and 5940, 5790 and 5968 m/s in the longitudinal mode
respectively. It is worth noting that the value of ag,,,/2f for any schlieren signal is not
equal to any of the dimensions of the observation window, either thickness or diameter.
The thickness of the window is 13 mm. The diameter of the window is 25.4 mm.

a,,/2f for any schlieren signal is not equal to any characteristic dimension of the shock
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tubes either. The length of the tubes are 3.2 m and 7.3 m for the old and new tubes
respectively. The inside widths of the tubes are 6.8 cm and 9.3 cm for the old and new
tubes respectively. The thickness of the tube walls are 3.5 and 6.5 mm for the old and
new tubes respectively. Furthermore, since the speed of sound in quartz or steel is more
than 20 times that in CCL,F, fast moving disturbances would arrive at the laser beam
before the shock front. Yet no disturbances are visible prior to shock armrival. All of this
excludes the possibility that the oscillatory signals are caused by acoustic reflections in

a solid medivm.

It is not possible that the oscillatory or chaotic signals are caused by movement of the
shock tube itself. First of all the tube is rigidly mounted onto posts that are firmly bolted
to the floor. Only when a thick diaphragm was used, i.e. a strong shock was fired (M>4),
could a recoil of the tube be observed. The Mach numbers for all of experiments except
one were below 2.5. Even if translational motion of the whole tube were occurring, it and
the optical windows were physically isolated from the measurement system and could not
transfer information to the detector. The stable and unambiguous base line prior to shock
arrival is proof. Furthermore, the experiments have shown that the oscillations
superimposed on the exponentially decaying signals appear only for weak shocks (M<2)
and disappear when the shocks are strong, All of these arguments lead to the conclusion

that the oscillatory signal is not caused by any kind of movement of the shock tube itself.

We did one more check by performing the same experiments with methane, as with
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CCLF at the same initial temperatures, over a similar range of initial pressures (from 80
mm Hg to 609.2 mm Hg) and in a similar post shock temperature range(from 301 to 350
K). No oscillations nor chaotic schlieren signals were obtained for CH,. Rather only
smoothly decaying exponential signals were observed see (fig 2.3.5). If oscillation came
from the movement of the shock tube during the experiment or from other unknown
physical sources, oscillations should have appeared in the schlieren signal for methane,

not only CCLF, since the initial conditions were similar. This is not the case.

To sum up the above discussion we conclude that the oscillatory and chaotic signals are
caused by the density changes occurring in the vapour column behind the shock front. In
the next section we shall compare our signals with those obtained [rom other gases and
we shall discuss the boundary layer developed behind the shock front in order to further
narrow the argument. Although our arguments so far come from a process of elimination,
we shall also present later thermodynamic and kinetic arguments that the perturbed cluster

distributions must result in cluster nucleation, heat release and thermal instability.

2.4.2 Diagnostic Testing with Other Gases

In the last section we concluded that the source of the oscillations superimposed on the
exponentially decaying signal lies in the gas column behind the shock front. An important
question is whether this source is the boundary layer present in the region behind the

shock front. The presence of the boundary layer in the moving gas is due to the loss of
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heat to the walls by conduction and the loss of momentum due to friction with the wall.
Flow in the boundary layer may be either laminar or turbulent. Laminar flow is one in
which the mass of fluid may be considered as advancing in separate laminae (sheets) with
simple shear existing at the surfaces of contact of the laminae; while turbulent flow is one
in which the fluid velocity at a fixed point fluctuates with time in a nearly random way.
The motion is essentially rotational, and the rate of mass transfer anéd momentum transfer
is considerably larger than in laminar flow!!3, It is possible that turbulent boundary flow
(but not laminar flow) may cause our chaotic signals. What kind of boundary layer does
exist in our experiments? This is the question we should consider here. The type of
boundary layer is dependent on the shock speed and the roughness of the inner surface
of the tube'''. The properties of boundary layers in shock tubes has been intensively
studied by Mirels'™ and a number of other investigators. For weak shocks (2.5<M<8),
it has been shown that the boundary layer is a region of laminar flowS>'02115116 while
turbulent boundary layers appear in strong shock waves. Our signals in which the
osciliatory signals appeared were obtained in very weak shocks (M<2.5). For shock waves
whose Mach number is larger than 2 the oscillations actually disappeared in schlieren
signal for CCL,F. This can be seen in experiment No.123 and 156 ( see figs. 2.4.4 and
2.4.5). The initial pressure in expt.123 was 441.8 mm Hg. The Mach number is 1.58. Tts
schlieren signal shows oscillations. However, in expt. 156, the initial pressure was 434.6
mm Hg. The Mach number was 2.27; yet, the oscillations are lost. Even the chaotic signal
has disappeared too. If the oscillations were caused by a turbulent boundary layer, an

increase in Mach number should have intensified the chaotic signal. Furthermore, since
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the thickness of the boundary layer increases as the distance from the shock front
increases, the strength of the oscillatory or chaotic signal should increase with time. This
is not the case: as time increases the oscillatory signal actually dies out. As the strength
of the shock wave increases the oscillations disappear from the exponentially decaying
curve. The turbulent boundary layer cannot give rise to the quasi-periodic signal that we
observed in the experiments because the movement of {luid is random in a turbulent
boundary layer. The oscillatory signals were observed immediately after arrival of the -
shock front. That is certainly within the laminar flow region of the boundary layer.
Furthermore, our shock tube surface is smooth. The cross section cf the new tube is 77.74
cm?, while the cross section of the old tube is 46.92 cm?, The area of cross section of the
new tube is 1.66 times larger than that of the old tube. The larger the cross section, the
longer the duration of laminar flow in the boundary layer, and the lesser the effect of the
boundary layer on the schlieren signal. Yet as shown in the last section, if the initial
conditions (T, P; and u,) of two experiments in two different tubes are similar, the
schlieren signals are also similar. There are no dramatic changes in the schlieren signals.
Therefore, the effect of the boundary layer on our schlieren signals obtained from the two
tubes is apparently not important, i.e. it is negligible. From the above discussion we can
exclude the possibility that turbulent flow in the boundary layer causes our oscillatory

signal. It must be produced by some chemical process.

The oscillatory signal is not the result of the absorbtion or scattering of laser light by the

gas'!? during the measurement. This was checked by monitoring the total laser beam
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intensity falling on the detector. If the oscillations were caused by absorbtion or scatiering

of laser light the oscillatory signal should appear on the total signal. Yet, we observed no

modulation.

In order to find out what kind of chemical process was responsible for the oscillatory and
chaotic signals we performed experiments with several other gases: argon, methane,
sulphur hexafluoride and tetracloromethane. The molecular weight (M.W.), melting point
(T,), boiling point (T,), critical temperature (T,), critical pressure (P,) and heat of

vaporization, (H,) are given'?! in table 2.4.1.

Table 2.4.1
MW, [T, (K) |T,(K) |T(K) |P (10% | H,
(MPa) | (s) ky/
mol
Ar 39.98 | 83.8 87.3 1509 | 4.898 |- 6.44 ,

CH, 16.04 90.7 111.6 190.5 4.898 1.68,, | 8.17,

SF, 146.05 | 2224 209.2 318.7 3.77 0.78,,5 | 8.99

CCLF | 13737 | 162.0 296.9 471.2 4.41 0.04,, | 249

CCl, 153.82 | 250.0 349.9 556.6 4.516 0.021,,, | 32.43
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where the subscript b refers to the normal boiling point. T is the vibrational relaxation

time at the temperature indicated as a subscript .

With pure argon at an initial pressure of 673 mm Hg, u =0.3772 mm/ps, T, =345.4 K and
P,=1009.5 mm Hg, the schlicren signal (see fig. 2.4.6) was the same as the one given
in reference 85. It is solely the result of the passage of the shock front. Deflections due
to the boundary layer were not at all in evidence. Argon is a monatomic gas. Under the
experimental conditions of our shock waves no chemical processes occur. This is another
proof that the source of the oscillatory signal is not in the apparatus. Methane is a non-
polar molecule. At room temperature the stable state is the gas phase. With methane, the
initial pressure was varied and the thickness of the diaphragm was changed. No signals
similar to CCL,F's were obtained. Behind the shock front only exponential decay was
observed. There was no oscillation superimposed on the decaying curve, and the decaying
curve does not become negative (see fig. 2,3.5). In the methane experiments only
vibrational relaxation processes take place, and give rise to the exponentially decaying
curve. The schlieren signal for an experiment with sulphur hexafluoride is shown in fig.
2.3.6 at an initial pressure of 361.5 mm Hg, an initial temperature of 293.0 K and a shock
velocity of 0.1818 km s™. The post-shock temperature and pressure are 310.0 K and
664.72 mm Hg respectively. There are no oscillations, but the exponentially decaying
curve did go negative in distinction from the schlieren signal obtained in experiment No.
166 (see fig. 2.4.6) for CCL,F (initial pressure = 398.5 mm Hg, T, =293.15 K and shock

velocity = 0.1843 km s’!). 'The laiter has an oscillatory signal superimposed on an

134



Yoltage/m¥

100

501

-501

-100

-50 Q 50 100 150 200 250 300
Tima,//microseconds

Flg. 2.4.68 Schlieren signal for Ar Experiment No. 1885
T,=203.2 K. P, -e73.0 Torr.mahook velooity — 377.20 m/ s

MACH No. = 1.1829, 'q.—a45.4. K., Fy -l100e.85 Torr.

135

350



exponentially decaying curve, and it becomes negative. The schlieren signal for CCl,,
wilh an initial pressure of 85.6 mm Hg, close to the vapour pressure at an initial
temperature of 291.4 K, and a shock velocity 0.5480 km s’!, is shown in fig. 2.3.4. Its
post-shock temperature is 529.0 K; its post-shock pressure is 1515.7 mm Hg. There is
a large amplitude of oscillation supcrimposed on the exponentially decaying curve which
becomes negative. It is similar to the signal obtained for the experiment with CCLF

(Expt. 122 and others).

Has any chemical reaction occurred? Carbon tetrachloride is a very stable and inert
compound, so it is used as a solvent in organic chemistry. At our experimental
temperature and pressure pure CCl, does not dissociate, Therefore, this is not the source
of the density change in the shock wave. CCLyF (Freon-11) is also stable and inert under
our experimental conditions. It does not dissociate. The mass spectrum of the vapour
sample in the test section both before and after shock compression was taken. No new
compounds were detected. If molecules of CCl;F had dissociated behind the shock wave
(T< 450 K) new compounds should have been produced in the gas phase. This is not the
case. Therefore, the endothermic oscillatory signal is not a result of the dissociation of

the samples.

What can cav:s a density change behind a shock wave aside from the rotational and
vibrational relaxation? Let us correlate the properties of methane, sulphur hexafluoride,

Freon-11 and carbon tetrachloride. Among them methane has the smallest molecular
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weight and the smallest relaxing heat capacity, while tetrachloromethane has the largest
molecular weight and the largest relaxing heat capacity. Freon-11 should have the second
largest relaxing heat capacity. The larger the relaxing heat capacity, the larger the
temperature change. Comparing the relaxation time of these compounds we find that CCl,
relaxes fastest, CCLF second fastest, then SF; CH, is the slowest. This means that the
temperature drop caused by vibrational relaxation will occur most quickly in CCl,. Now,
consider the critical temperature, T,. For both argon and methane T, is much lower than
room temperature. That means that they cannot condense at or above room temperature,
no matter how high the pressure is. The molecules of argon and methane have enough
kinetic energy to overcome their inter-molecular attractions at temperatures higher than
their critical temperatures. The critical temperature of the other three gases all are above
room temperature, 318.7, 471.2 and 556.6 K for SF,, CCLIF and CCl, respectively. It is
possible to condense these vapours to liquids below their critical temperatures. The higher
the critical temperature, the larger the inter-molecular atiractive force. This is an important
difference between Ar and CH, on the one hand and SF,, CCLF and CCl, on the other.
Comparing the heats of vaporization we can see that those of argon and methane at the
boiling point are the smallest. SF, has the smallest heat of vaporization among the other
three condensable gases, only 8.99 kl/mol at 25 %C, while at the same temperature the
heats of vaporization of CCL,F and CCl, are 24.9 and 3243 kJ/mol. The heat of
vaporization of CCl; is much larger than lhﬁt of CCL;F. The higher the heat of
vaporization the larger the amount of energy a liquid molecule nceds lo overcome

intermolecular attractive forces in the liquid in order to enter the gas phase, or the larger
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the amount of heat will be released when gas molecules combine into clusters or liquid
(Recall that the heat effect is imporiant for the thermokinetic oscillator discussed in
chapter 1). Comparing the boiling points we can see a similar pattern. The boiling point

of CCl, is highest, while that of Ar is lowest.

From the above discussion and our experimental results we can conclude that if the
critical temperature of the gas is much lower than the postshock temperature there is no
oscillation observed in the schlieren signals of gases such as Ar and CH,. When the
critical temperature is much higher than post-shock temperature, oscillatory schlieren
signals can be detected. It seem that there is a relationship between the critical
temperature and oscillations. From thermodynamic considerations, the larger the heat of
vaporization, the higher the boiling point and heat capacity of relaxation, and the larger
the amplitude of the oscillatory schlieren signal. From the kinetic view point the
conclusion is that the faster the relaxation process (the smaller the vibrational relaxation
time), the earlier the oscillatory signal appears in the schlieren signal( see fig 2.3.4, 2.3.2

and 2.3.6 for CCl1,,CCL,F and SF; respectively).

Next, we shall see the differences between the selected gases in light of their second virial

coefficients. The virial equation''8 of state is given by

B, C
PV =RT(1+.__.+ +2c0) 24.1

m m
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in which B, C, etc., are functions of temperature. They are called the second, third, etc.,
virial coefficients. They reflect the effects of intermolecular forces between the
molecules''®. The second virial coefficient, B, for example, is obtained theoretically by
considering only interactions between pairs of molecules. The second virial coefficient is

related to the intermolecular pair potential U,,(r) by

- Uu

B(T) =.§J‘(1—e *Ty v 24.2)

in which V is the set of relative coordinates. A negative value of B means the pair of
molecules attract each other, Comparison of the second virial coefficients of the gases can
give a quantitative picture of the interaction of molecular pairs. At 400 K B(T) for CCl,
is -868 cm*/mol, the largest among the gases. B(T) for CCL,F is the second largest one,
-431 cm¥mol; B(T) is -135 cm*mol for SF, -16 cm*/mol for CH, and -1 cm*mol for
argon, There is a large difference in the second virial coefficients for SF¢ and CCl,,
although both of them are non-polar molecules and have similar molecular weights. The
intermolecular forces for both SF¢ and CCl, are London dispersion forces which are the
resultant of a temporary dipole on one molecule interacting with the induced dipole on
another, This force is proportional to the polarizability of the molecules, which is
proportional to the number of electrons in a molecule. CCly has more clectrons than SF.
Consequently the intermolecular force for carbon tetrachloride is much larger than that

for SF, at e same temperature. This means that when two molecules of CCl, come
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together they are more easily able to form a cluster. For SF; it is much more difficult at
the same temperature'®'?; for CH, it is unlikely at all to form clusters at high
temperatures since its B(T) is zero at 500 K and +10 at 600 K; similarly for Ar B(T) is
-1 at 400 K, and +7 at 500 K. This is more evident when the dimerization constant, K,,
is related>2 to B(T) by -K,RT=B(T). The smaller the second virial coefficient the smaller
the equilibrium constant, K,, for dimer formation from monomers. The trend in the
variations of B(T) is the same as the trend in the capability of forming dimers. It is
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important to note that B is a function of temperature. The dependence is given'= by

Bl =% a,(fom1)in (243)
iwl T

in which T, is 295.15 K. The values of a; are given in Table 2.4.2. Comparing the a; of
the gases we can conclude that dB(T)/dT is largest for CCl,, second largest for Freon-11,

followed by SF.

We can arrive at the same conclusion by comparing the Van der Waals' empirical
constants for these selected gases. The Van der Waals’ equation is an equation of state
that is designed to agree with experimental values of P, V, and T for a gas at high
pressures and low temperatures. It contains two empirical constants a, and b. The large
the value of a, the larger the force of attraction between ihe gas molecules, and the
greater the magnitude of depth of the potential well, €. The larger value of b, the larger

the molecular volume. a for argon is 1.34 L%atm/mol?, 2.25 for CH,, 2.74 for SF,, 10.8
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for CCLF, and 20.4 for CCl;. These values indicate that CCl; molecules have the largest

attractive forces among the selected gases.

Table 2.4.2

Coefficients for calculating the second virial coefficients of selected gases.

a(l) a(2) a(3) T @
Ar -16 -60 -0 0
CH, 43 -114 -19 -7
SF, -279 -647 -335 72
CCILF 2789 -1428 -142 0
cal, -1600 -4059 -4653 0

We have compared the boiling points, enthalpies of vaporization, critical temperatures,
second virial coefficients, and Van der Waals' empirical constants of sclected gascs.
Oscillatory and negative schlieren signals were observed for CCl; and CCLF. Both of
these gases have relatively higher boiling points, larger enthalpies of vaporization, larger
second virial coefficients and empirical Van der Waals’ constant, a, than the other
selected gases. Their critical temperatures are above experimental temperature. In
schlieren signals for Ar and CH, there are no oscillations and no negative signals. Both
of them have lower boiling points, smaller enthalpies of vaporization, smaller second

virial coefficients and Van der Waals’ constants, a, than CCl, and CCI3F. The mass
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spectrum of CCL,F after shock wave passage indicates there was no dissociation of CCLF,
as mentioned above. All of these lead to the conclusion that clusier formation was
occurring behind shock waves of CCl, and CCL,F vapour. Does the process of cluster
formation generate schlicren signals like those we obtained? Hess” et.al. who observed
cluster formation using u variety of techniques (such as SEM (scanning electron
microscopy) indicated that the particulates have spherical geometry with diameters around
0.2 pm.) also used the technique of photothermal probe beam deflection (PTPD) in
studying (CS), cluster formation (using a probe laser beam measuring the density
variation caused by cluster formation). This is similar to our laser-schlieren technique. If
the probe laser beam passes through the cluster formation region, a negative signal is
detected. Their experimental signals confirm that our negative signal is generated by
cluster formation. The first crossing point of the signal from positive to negative is the
time that the cluster formation region arrives at the detecting laser beam. By measuring
this cross point in the schlieren signal the incubation time for cluster formation can be
deduced. The oscillation in the schlieren signal is generated by an oscillatory diffusive

thermal wave which is generated, in turn, by cluster formation processes.

Using the above information we can correlate our schlieren signals for CH,, SF,, CCL,F
and CCl, with the tendency to cluster and condense and with the tendency to process the
evolved heat via vibrational relaxation. Apparently when the shock wave arrives the
translational temperature of the vapour molecules CClL,F, CCl,, or SFg, rises nearly

instantaneously. The increased kinetic energy ( i.e. translational temperature) perturbs the
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old cluster distribution. Existing clusters break apart. This requires heat. Then rotational
relaxation occurs quickly with vibrational relaxation following, The translational
temperature decreast ; dramatically due to the vibrational relaxation. Not enly do clusters
form in response to the change in the equilibrium cluster distribution, but also the
interaction between molecule pairs increases very much since dB/JT is large. At lower
temperatures the second virial coefficients of CCly and CCLyF are much larger than those
of CH, and SF,. Small clusters can relatively easily be formed in CCl, and CCL;F vapour.
At this point a large heat of cluster formation is released. The heats of cluster formation

are related empirically to the heat of condensation of vapour''’ by

21
AH=nAA_,.4(1-n T) 2.4.4)

in which AH is the heat of cluster formation, and AH_,4 is the heat of condensation of
vapour to liquid. Both of them are functions of temperature. Since CCl, and CCL;F have
larger heats of éondensation a large amount of heat is relecased when clusters are formed
in CCJ, and CCL,F vapour. Cluster formation occurs via a series of reactions, i.e. & (n-1)-
mer, A_ ;, reacting with a monomer, A, forming an exciled cluster, A, which has enough
energy to break apart. Before the excited n-mer breaks up a stabilization reaction can take
place, A, +M = A, +M, in which M is a monomer or cluster. The microscopic rate
constants are functions of temperature, but not all four follow k=Ae®RT, The temperature
rises as heat is released, affecting both k and the equilibrium cluster distribution. That is,
a self-catalysis process'®’. The released heat then gencrates a thermal gradient in an

already shocked gas propagating along the tube. When it arrives at the observation
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window following the main shock front, it is detected by our detection system. On a
schlieren signal it shows up as a valley. As the vapour is slightly heated vibrational
relaxation of both cluster and monomer proceeds. Then the temperature drops again; more
clusters form, and heat is released again in the next stage of the shock wave. A second
peak appears on the exponentially decaying curve as the relaxation of clusters and
monomers follows. This process can be thought of as a series of weak shocks produced
by stagewise heat release due to the formation of small clusters with vibrational relaxation
lagging significantly behind. The various processes are widely separeted in time, probably.
The events detected by the laser schlieren technique appear as small spikes i.e. as an
oscillatory signal. The faster the vibrational relaxation proceeds, the earlier the small spike
appears. The greater the initial perturbation to the cluster distribution, the more

pronounced are the oscillatory consequences.

When the shock wave is too strong, the temperature behind the shock front is fairly high,
dB/dT is small and B is small. Few clusters form in the shock wave. In other words the
equilibrium cluster distribution is not disturbed significantly. The process occurs close to
equilibrium. More important, the incubation time is much shorter at higher temperature.
Local clustering starts before the thermal wave arrives. There are no spikes on the
exponentially decaying curve. Cluster formation and heat release change the density of
the vapour so the density decreases as the distance increases from the shock front, after
the molecules vibrationally relax. As a result, a negative schlieren signal is observed®!1?,

The negative schlieren signal indicates an exothermic reaction'?, This is the case for

144



CCLF experiments in which low initial pressure and relatively strong shock waves are

employed. In these cases the signal decays exponentially (see fig. 2.3.1).

Recalling that processes occurring far from equilibrium can show periodic and even
chaotic behaviour (see Section 1.6) if the governing differential rate equations are
nonlinear, our observations imply that vapour condensation is an example of nonlinear
kinetics. As mentioned earlier the reproducible chaotic signals alone are proof of

nonlinear kinetics laws.

The experiment with SF¢ was performed at an initial temperature of 293.15 K and an
initial pressure 361.5 mm Hg. The temperature behind the shock front was 310 K at
which both B and dB/dT are small. We know that the heat of vaporization at 298.15 K,
is very small compared with that of CCl, and CCL;F. When the temperature changed
clusters were formed, but no large amount of heat was released. Consequently there were
no spikes on the exponentially decaying curve. After vibrational relaxation, the
temperature decreased, clusters were formed, heat was released, the density decreased, and
a negative signal was observed in exp. 189 (see fig. 2.3.6). This is similar to the
experiments with low initial pressure and a strong shock wave in CCLF (see fig. 2.3.1).
On the other hand, for Exp. 166 (see fig. 2.4.7) occurring under similar initial conditions
( Ty = 293.15 K, P, = 398.5 mm Hg, T, =313.68 K, P,=721.6 mm Hg ) we can sce
spikes in the schlieren signal. This is because at the same temperature both second virial

coefficients B and dB/dT for CCLF are larger than for SFg, the vapour pressure of
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CCl4F is much lower than for SFg and the heat of evaporation is much larger than for

SF;, corresponding to a relatively large perturbation.

The initial conditions for the experiment with CCl; (fig.2.3.4 ) are T, = 291.35 K, and P,
= 85.6 mm Hg, i.e. close to the vapour pressure. The temperature behind the shock front
is 529 K. We do not have the data for the heat of condensation, AH,,, and the second
virial coefficient at 529 K. However, from the data given in the table we can conjecture
that AH, B and dB/dT are large compared with the values for CCL,F, SFg and CH,. A
large drop in temperature caused by the vibrational relaxation of CCl, causes a formation
of clusle;'s. The heat released by cluster formation is large enough to produce the series
of pulses that can be detected by the laser schlieren technique. An oscillating schlicren
signal was observed. In contrast, Exp. 33 at a similar initial pressure and temperature to
the CCl, experiment showed no oscillatory signal. Instead, chaotic exothermic cluster

formation occurred.

We have done several experiments with CH,, No oscillatory or negative signal was
observed. This is because the critical temperature is very low (190.5 K). No clusters can

form under these experimental conditions.

In this section we examined our signals in detail. We reasoned that the spikes or
oscillations superimposed on the exponentially decaying curve can be produced by a

series of weak pulses of heat released by cluster formation caused by a shock compressed
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perturbation and followed by a lagging heat uptake caused by a "slow" vibrational
relaxation. We referred to the cluster formation mechanism in order to explain our
schlicren signals obtained from several different gases. The conditions for producing
oscillatory signals are thal, first, the experimental temperature must be below the critical
temperature; second, the cluster distribution must be greatly perturbed from the
aquilibrium distribution; third, there must be a large heat of cluster formation; and last,
an endothermic process must couple with the exothermic cluster formation process. There
are also indications that vibrational relaxation of clusters must be incapable of keeping
in phase with the cluster formation stages. All of these conditions imply that the system
of nucleation of CCL,F and CCl, in shock tube is a nonlinear kinetic system and it
satisfies the requirements for a thermokinetic oscillator, which we have discussed in

section 1.6.
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CHAPTER 3

EXPERIMENTAL RESULTS

In the last chapte: we concluded that the oscillatory and ncgative schlicren signals are
caused by cluster formation processes. In our experiment we varied the initial pressure
of trichloromonofluorometnane from as low as 29 mm Hg to as high as 747 mm Hg, for
which at an initial temperature of 296.8 K, it is close to its equilibrium vapour pressure
of 750 mm Hg. We also used different thicknesses of aluminum diaphragm to vary the
strength of the shock wave and hence the degree of supersaturation. Three different
thickness were used. They were 0.1000 mm, 0.0130 mm and 0.0020 mm. Thercfore the

experiments provided a wide variety of conditions for systematic studies.

In this chapter we try at first to correlate the main characteristics of the schlicren signal
with the over-pressure, (P,,,(T;) - ™), and T,. In the second part of this chapter we shall
use the Fourier transform technique to analyze the oscillatory signal and (o correlate the
asscciated frequencies with temperature and over-pressure. In the third section we shall

discuss whether CCLF cluster formation, as observed here, fits the criteria of a chemical

oscillator.

3.1 The Characteristic Time Scale and the Maximum Rate of Heat Reicase
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There are two characteristic points observed in the experimental schlieren signals. One
is the crossing point of the signal with the baseline. We define the time interval from zero
to this point as t5. The second is the point at which the signal reaches its most negative
value. The time interval from zero to this point is termed t;,. The value of the voltage

corresponding to t ;. is called V_;,, and represents the maximum rate of heat release.

The time sampled by the digital waveform analyzer, appearing as the horizontal axis on
the schlieren signal, is the laboratory time. This differs from the gas particle time (some
times called heating time) which is the time for which the gas particles have actually
been processed by the shock wave. Because the fluid behind the incident shock front is
always set into motion, the lab observation time at a fixed observation window is always
less than the gas particle time. The relationship between gas particle time (t)) and
laboratory time (t;) is schematically shown in fig. 3.1.1. The characterisiic times measured
in the laboratory time frame can easily be converted into the particle time frame, if the

ratio of the post-shock and pre-shock densities are known, using the following equation®

P2
dt_=dt, (=)
P ! P

The values of t; and t;, in appendix 4 are given in the gas particle time frame.

For bimolecular reactions like ours the characteristic times (t; and t.;) are inversely
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Fig. 3.1.1 The relation between laboratcry time ( tl ) and gas particle

time ( t, )
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proportional to the gas concentration, whereas V. of the schlieren signals is
proportional to the square of the concentration. Therefore, the invariants for our reaction
(second order rate constants) should be related to P, t; P, and V.. /P: These were
plotted against the over-pressure, AP, i.e. (Py,,(T,)-P,), for different fixed T, respectively.
These are shown in figs. 3.1.2a to 3.1.4b. The plots of t,P,, t;,P, and V,;/P3 against

1/T, for different fixed over-pressures are shown in figs. 3.1.5a to 3.1.7b respectively.

Some subjectivity was necessary for choosing *, t,;, and V., because of the oscillatory
nature of the signal. Our procedure was to draw an envelope for éach signal, and choose
to, tyip and V,;, appropriate to the envelope. Even this was subjective, and some of the
scalier in fig. 3.1.2a 1o 3.1.7b is due to this arbitrariness. However, by far the greatest
contribution to the scatter is the inability to select initial conditions reproducibly at will.
Although the precision in calculating (from measured shock speeds) T, and P, is ~0.1%
(£0.1 ps, uncertainty in an overall 200 ps time interval) we could not guarantee that e.g.
a series of experiments with different P, could be chosen with all of them at the same
temperature better than +2 K. Yet, the dependence of the observables on T,, as seen in
figs 3.1.5a - 3.1.7b, is so dramatic that considerably greater stringency is required to
remain on a particular contour of figs 3.1.2a to 3.1.4b. S%milarly figs. 3.1.5a to 3.1.7b’s
scatter reflects the lack of selectability of constant (P, -P,) rather than the imprecision.
Notwithstanding this vexing problem, the observed precision is rather remarkable and is

most impressive for the most extreme conditions.
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Although we shall discuss the observations below, it is worth noting at this point that the
time scales are shortest and the maximum |V| are largest ( i.e. the rate "coefficients" of
condensation/nucleation are largest) at the lowest temperatures. This is very similar to
vinat one observes for recombination/association of radicals, indicating that the process
we are observing is akin to bond formation and lending support to our conclusion that we
are observing nucleation of clusters. What is curious and entirely novel in this study is
the observation that "rate coefficients” are largest when the initial perturbation

(P,,,(Ty) - Py) is largest, i.e. when the gas is least saturated.

3.2 FOURIER ANALYSIS

We have done 190 shock tube experiments at different initial pressures and different
shock strengths with different samples. Oscillatory behaviour was observed in these
schlieren signals. We surmised in the last chapter that these oscillations are caused by
cluster formation, stabilization or dissociation processes. There are still many questions
which need to be answered. Do these signals have some common characteristics? Do
they have perfectly well defined periods? How many fundamental frequencies does each
signal have? What is the difference in the fundamental frequencies from signal to signal?
What do these oscillations mean? In order to quantify this oscillation, we must use an

"objective" method of analysis such as the Fourier transform.

The Fourier transform has found many applications in almost all areas of science. In
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chemistry infrared Fourier transform spectroscopy, fast Fourier transform nuclear magnetic
resonance spectroscopy'?, fast Fourier transform mass spectroscopy'>* and fast Fourier
transform atomic spectroscopy'® are common. Fourier transforms also find use in the
study of chaotic behaviour, as one of the ways to identify and to characterize a dynamical
regime'1?. In these areas the procedure for doing Fourier transforms has developed
rapidly. In this section first the Fourier transform will be discussed in general, then the
method which we used to do the Fourier transform will be discussed. In the third part of
this section the spectrum of the schlieren signal will be discussed and the relation of the
fundamental frequency of the oscillation signal with other physical parameters will be

given.
3.2.1 The Discrete Fourier Transform

There are two equivalent ways of describing the evolution of a process. One way treats
the process as a series of events, one following another, either in time or in space. The
other way is to represent it as a spectrum, where the amplitude is a function of frequency.
The propertics of the Fourier transform allow one to examine a function or waveform
from the perspective of both '{hé"-ti’me and frequency domains. There are many studies
concerning the properties and applications of Fourier transforms'?12%1%%, The following
is a brief discussion of the relationship and difference between the continucus and the
discrete Fourier transform. The correct way of doing the Fourier transform is then

considered on this basis.
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The basic idea of the Fourier transform'? is that any periodic function can be expressed
as the sum of a series of sines and cosines of the same period. For functions defined over
an infinite interval, and with no periodicity, the summation of the harmonic serics must

be replaced by an integral of a contintum of trigonometric functions. The Fourier

transform is defined as
H{f) = _[ h(t) e-ianeegy (3.2)

where j=V(-1) . If the integral exists for every value of the frequency, f, the above
equation defines H(f), the Fourier transform of h(t). Typically h(t) is termed a function

of the variable time, and H(f) is termed a function of the variable frequency. In gencral,

the Fourier transform is a complex quantity:

H(E) =R(£) +FI(£) =|H(£) |e0D (3.3)

where R(f) is the real part of the Fourier transform, and I(f) is the imaginary part of the
Fourier transform. |H(f)| is the amplitude of the Fourier spectrum of h(t) and is given

by (RADHIXD)'Z; O(f) is the phase angle of the Fourier transform and is given by tan™

HEV/RD].

The inverse Fourier transform is defined as

B(t) =jH( £) e2REEgE (3.4)
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The inverse transform allows the determination of the function of time from its transform.
Unfortunately, the process of Fourier transformation is tedious and very limited
applications exist. The advent of the digital computer and the invention of the Fast
Fourier transform (FFT) algorithm (which reduces the computational labour significantly)
have made the FT easily accessible. Since computers are finite machines, any desired
computation can only use a finite number of operations, No computer can deal with real
value functions of real numbers. Any such function must be sampled in order to be
represented in a computer. Instead of having h(t) at all t, we have only the value of h at
a finite number of points h(t,), h(t,), h(ty),--, h(t;). This means the function must
first be sampled and truncated into a finitely sampled function. We shall see that the
difference between the discrete FT and the continuous FT arises from sampling and

truncation.

The discrete Fourier transform is defined as

N-1
G(%,) ,_,; g (kT) e-I2%nk/N n=0,1,w,N-1 (3.5)
=0

in which N is the number of data points sampled in the original signal, and represented
by N discrete values. T is the sampling interval. The equation is the desired discrete
Fourier transform which relates N samples of time and N samples of frequency by means
of the continuous Fourier transform. One important difference between the continuous
and discrete Fourier transform is that the discrete Fourier transform requires both the time

and frequency domain function to be periodic. That the period of G(n/NT) is defined by
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N samples can be seen from

N-1

n+N, _ -2 ln+M k/N
G(==) Z;g(kr)e

N-1
=§ Q’(kT) e-Jtnk/NeJhk
Q

N=1
=Y g(kT) g-32makiN
x=0

- Il
=G (37!

(3.6)

where e 77 =cos(2rk)-jsin(2rk)=1 has been used.

The discrete inverse Fourier transform is given by

N-1
1 n
(kt) ==Y G(=T) gI2=ak/¥ 3.7
g Ned NT

Similar to the discrete Fourier transform the discrete inverse Fourier transform exhibits

periodicity. The period is defined by N samples of g(kt). This property results from the

periodic nature of e/2™N

N-1
g( (N+k) t) =%fz G{NiT) eJhn(N-rk)/N
n=0
lw-1 n 4 / (3.8)
- s 2xnk/N
N,§ G( NT} e

=g (kt)

Both the forward and reverse Fourier transforms take N samples of the time and

frequency functions as the periods of periodic functions.
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Now we briefly consider the errors caused by both sampling and truncation in the discrete
Fourier transform. First, we consider the error caused by sampling. For a band-limited
signal, (where the signal is zero for f >f), the sampling frequency must satisfy the
Nyquist theorem, which states that a signal must be sampled at a rate that is at least twice
the highest frequency component, f, in that signal in order for the sample values to
exactly describe the original signal. If the signal is under-sampled, then the higher
frequencies will fold over into the lower frequency region. This is termed aliasing. The
result of aliasing is that the information on higher frequencies is missed. If the signal is
not band-limited, in which case aliasing always exists, aliasing error can be reduced to
an acceptable level only by increasing the sampling frequency. The frequency function
G(n/NT) is a periodic function in the discrete Fourier transform. If the sampling frequency
is less than 2f;, two neighbouring periods of frequency function will overlap each other,

and then aliasing takes place in the discrete Fourier transform.

Second, we discuss the error caused by truncation. If a periodic function is truncated
exactly at the end of a period or a muliiple of the period then there is no error caused by
truncation. The effect of truncation at a point other than a multiple of the period is to
create a periodic function with sharp discontinuities. This is because the discrete Fourier
transform requires both the time- and frequency-domain function to be periodic, and the
N-sample data input to the discrete Fourier transform algorithm is assumed to span one
period. Intuitively, we expect the introduction of these sharp changes in the time domain

to result in additional frequency components in the frequency domain. If the extent of a
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periodic signal in the time domain were infinite the frequency function would be a series
of impulses. After truncation in the time domain the impulses in the frequency domain
are replaced by a continuous function of frequency with local maxima centred at the
original impulses and a series of other peaks that are termed sidclobes. These side lobes
are responsible for the additional frequency components. This effect is termed leakage and
is inherent in the discrete Fourier transform because of the necessary truncation in the
time domain. To reduce leakage, for those cases where it is impossible to choose NT
sufficiently large or where the period of a periodic function is not known, it is necessary
to employ a data weighting function or data window function that is associated with a
smaller magnitude of side lobes. If we simply truncate a signal then that is the same as

using a rectangular window function'?. It is given by

T
wp(t) =1 |t|s_29. (3.9)
- .
=0 | €] >_22
and its Fourier transform is given by
_Tysin(mET,) 310

The amplitudes of the side lobes of a rectangular window function in the frequency
domain are large. A catalog and comparison of FFT window functions has been given by

E. O. Brigham'?. The one often used is called the Hanning window function!®, It is

given by
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w,( £) =cos? (ZE
TO

=1 2nt L 3.11
2 (1+cos( 7 ) lt|< > (3.11)

_ T,

=0 |t:|>—2

Its Fourier transform is given by

T, sin(nfT,)

fi=
Wil ) S e TI(ET 7]

(3.12)

When the Hanning function is applied before an FFT is performed, the two ends of the
signal are suppressed (multiplied by a small number). The discontinuity of h(t) in the
time domain otherwise caused by a reclangular truncation is thus decreased. The highest
side lobe level is -32 dB compared with -13 dB for the highest side lobe associated with
a rectangular truncation'?. The reduced side lobes or reduced leakage is achieved at the
expense of main-lobe bandwidth i.e. with an artificial broadening, or decreased spectral

resolution.

The Fourier transform is usually represented graphically by means of spectra. There are
iwo methods of representing a transform: the cos-sin method (in which the cosine
transform and the sine transform are plotted), and the amplitude-phase method (in which
the amplitude and phase are plotied). An alternative to the amplitude spectrum is the

power spectrum which is the graph representing |H(f)|> as a function of the frequency.
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The appearance of the power spectrum depends on the way in which the signal, x(1),
evolves over time. The power of the Fourier transform lies in the fact that it can reveal
properties of the signal which would otherwise remain undetected. For a simple periodic
signal the power spectrum is only composed of a sharp peak at a certain frequency and
some peaks at its overtones. For a quasi-periodic signal the power spectrum gives
fundamenta! frequencies and their overtones and combinations. For an aperiodic signal
the power spectrum is continuous. A continuous spectrum cannot be attributed
automatically to an aperiodic signal, however, because this is also the appearance of the
spectrum of a quasi-periodic signal containing a very large number of frequencics. It is
more complicated since coloured noise also has a continuous power spectrum. The power
spectrum of white noise (which is a mixture of signals of all frequencies with random

amplitude and phase angle) is independent of frequency.

To sum up, the important concept that the discrete Fourier transform implies is periodicity
in both the time and frequency domains. The difference between the discrete and the
continuous Fourier transform arises because the discrete Fourier transform requires
sampling and truncation. Therefore, great care must be taken in both of these steps. For
equivalence of the discrete and continuous transforms we require that (1) the time
function h(t) must be periodic, (2) h(t) must be band-limited, (3) the sampling rate must
satisfy the Nyquist Theorem, and (4) the truncation function x(t) must be non-zero over
exactly one period (or integral multiple of periods) of h(t). Otherwise, the discrete Fourier

transform only approximates the continuous Fourier transform. For a signat which is not
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band-limited aliasing errors can be reduced to an acceptable range by choosing a sample
interval, T, sufficiently small. To reduce the leakage a data window function should be
used. The validity of this approximation is strictly a function of the waveform being

analyzed.
3.2.2 The Fourier Transform of the Schlieren Signal

In this part the method of performing a Fourier transform on the oscillatory schlieren
signal is discussed. The following Fourier transforms were performed using the IMSL
routine FFTRC and some results are checked using the commercially available FOURIER

PERSPECTIVE II software .

A typical schlieren signal is shown in fig. 3.2.1 after truncation with a rectangular
window essentially chopping off the part associated with the passage of the uninteresting
shock front. In the schlieren signal the quasi-periodic oscillation is superimposed on the
exponentially (or double exponentially) decaying curve. Since the Fourier transform is a
lincar transform!®, ie. the transform of [f(x) +g(x)] equals the sum of the Fourier
transform of f(x) and the Fourier transform of g(x), the amplitude of the power spectrum
of this signal must be the sum r{ the transform of the oscillatory signal and the transform
of the exponentially decaying curve. The aim of perfdnning the transform is to find the
fundamental frequencies and the corresponding amplitudes of the oscillatory signal. The

existence of the exponentially decaying signal prevents us from finding the true
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magnitude of cach frequency component'®. This is shown in fig. 3.2.1a. The power
spectrum was calculated with the data of the signal shown in fig. 3.2.1. The 5 kHz
frequency component has the largest amplitude, the 8 kHz one the second largest, and the
55 kHz one the third largest. This result is meaningless however, because it is the

combination of the waveform transforms.

Fig. 3.2.1b shows the signal of fig.3.2.1 after the application of a Hanning window. We
see that the two ends are reduced to zero. Its Fourier transform is shown in fig. 3.2.1c.
Comparing with 3.2.1a we find that number of peaks in fig. 3.2.1c has decreased. The
side lobes cansed by truncation in fig 3.2.1a are reduced in fig. 3.2.1c. The problem in
fig. 3.2.1c is that the amplitudé of the zero frequency component is too high. We shall

solve this problem later. .

Figure 3.2.2 shows the same signal after truncating the first 24 data points. This means
that the weight of the exponential decay is reduced in the signal. Its spectrum is shown
in figure 3.2.2a, The relative magnitude of the frequency components is quite different
than in figure 3.2.1c. The relative height of the 55 kHz component is increased compared
with the height of the 19 kHz one. Nevertheless, because the amplitude of the zero
frequency, i.e. the D.C. component, is too large, other frequencies cannot be seen in the
spectrum, (This is the same problem as in fig. 3.2.1c). The next step is to decrease the
D.C. component. The simple way is to shift the whole signal until the base line passes

through the middle of the signal. This operation is based on the linearity of the Fourier
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transform. Figure 3.2.3 shows the signal after shifting. Its power spectrum is shown in
figure 3.2.3a in which the D.C component is dramatically reduced. The largest peak is
now at 19 kHz. The second largest is at 53 kHz. There are other peaks ai 40, 80, 104 and
142 kHz. We do not know if these are side lobes or true frequency components or
harmonics of 19 and 53 kHz. The effect of the exponentially decaying curve still exists

in figure 3.2.3. The fundamental frequencies still cannot be assigned.

The Hanning window function was employed to suppress end effects and decrease the
effect of the exponentially decaying curve. The signal after application of the Hanning
weighting is shown in figure 3.2.3b. The two ends are decreased to zero. The exponential
decay is also suppressed. The power spectrum of the signal after the Hanning weighting
is shown in figure 3.2.3¢c. There is a large change in the relative amplitudes for each
frequency compared with figure 3.2.3a. The frequency component at 53 kHz now has the
largest amplitude. The frequency at 19 kHz becomes the second most important one.
There are four small components at 40 , 80, 104 and 123 kHz. Comparing the amplitudes
of these frequency components in both figures 3.2.3a and 3.2.3c, we can see that as the
amplitude of the 53 kHz peak becomes the most pronounced one the peaks at 104 and
123 kHz also increase relative to the other peaks. As the peak at 19 kHz decreases
relative to the peak at 53 kHz the peaks at 40 and 80 kHz in figure 3.2.3c also decrease.
The peak at 142 kHz disappears. From these observations we can conclude that the peaks
at 19 and 53 kHz represent two fundamental frequencies, f, and f,. The component at 104

kHz is an overtone of the fundamental frequency, f,, while frequencies 40, 80 and 142
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kHz are overtones of the fundamental frequency, f,. The peak at 123 kHz is the

combination, 2f,+f,, since it increases as the peak at 53 kHz increascs.

The first half of the signal of figure 3.2.3 is shown in figure 3.2.4. Its power spectrum is
shown in figure 3.2.4a. The signal after the Hanning weighting and its power spectrum
are shown in figures 3.2.4b and 3.2.4c respectively. It is interesting 1o compare the ratios
of the amplitudes of the two fundamental frequencies evident in figure 3.2.4c and 3.2.3c.
In figure 3.2.3¢ Agyy, /A g iS 19/9=2.1, while in figure 3.2.4¢ Agyy/A gy, = 7. This
means that the weighting of the first fundamental frequency is increased in the second
half of the signal shown in figure 3.2.3. The resolution of the power spectrum is given
by the full width at half height (FWHH). The FWHH of the second fundamental
frequency increases to 22 kHz in figure 3.2.4c from 15 kHz in figure 3.2.3¢c because the
total time duration (NT) of the signal in figure 3.2.4 is half of that in figure 3.2.3c. In
figure 3.2.4c the peaks at 40, 80, 123, and 140 kHz are lost as a result of the dramatic
decrease of the importance of f;. The peak at 104 kHz, the overtone of f,, is still prescat.
The resolution of the power spectrum is dependent on the time duration of the signal. The
longer the signal lasts in the time domain, the higher the resolution in the frequency
domain. Comparing the FWHH of the first fundamental frequency in figure 3.2.4a with
that in figure 3.2.4c it can be seen that the FWHH in figure 3.2.4c is greater than that in
figure 3.2.4a. This is caused by the Hanning weight function since NTs are the samc in

figs.3.2.4 and 3.2.4b.
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The aliasing error is not serious in the above spectra, because the power spectra show that

the amplitudes of the peaks decrease very rapidly as the frequency increases''.

Summarizing, the power spectrum of the shock tube schlieren signal is meaningless unless
the effect of the exponentially decaying curve is removed or its effect is decreased to an
acceptable level. Hanning weighting can be used to suppress the effect of an
exponentially decaying curve. In some cases decreasing the D.C. component is important.
This can be achieved by shifting the signal up or down. The leakage can be decreased by
using the window function at the expense of resolution. The resolution of the power
spectrum can be increased only by increasing the time duration of the signal. In the next
section we shall discuss the power spectrum of some of our schlieren signals obtained
using the same method we used for the schlieren signal of exp. 122, that is first to shift

the signal to reduce DC component, and then to apply the Hanning window function.

3.2.3 Discussion of the Power Spectrum

In this section we shall use the method of the last section to perform the Fourier
transform to some for our experimental signals. The schlieren signal of experiment no.
123 is shown in fig 3.2.5. This is a typical schlieren signal which we obtained in CCL,F
experiments. Since the signal changed from oscillatory to chaotic we divided the whole
signal into four regions, A, B, C and D, as shown in fig.3.2.5 after ignoring the portion

due to the shock front. The power spectrum for parts A, B and C is given in figs. 3.2.6,
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3.2.7 and 3.2.8 respectively, along with the power spectrum for A+B, shown in fig. 3.2.9.

With these graphs we want to show that in different regions of the signal different
frequency components dominate. In fig 3.2.6, i.e. in regime A the two highest peaks
appear at 25 kHz and 82 kHz respectively, while in fig. 3.2.7, i.e. in region B, the three
dominant components are at 90, 160, and 218 kHz. In region C, i.e. in fig 3.2.8, the three
largest peaks occur at frequencies 32, 150 and 220 kHz. Because only 64 data points are
used in both figs 3.2.7 and 3.2.8, the FWHH of the peaks of both spectra are large; the
peaks cannot be separated completely from each other, i.e. the resolution is low. Even
though 128 data points are used in fig 3.2.6, resolution is still low. We see that the peak
around 25 kHz is not symmetrical. This means that there is another peak that cannot be
resolved. Comparing with fig. 3.2.9. we can see that at about 6 kHz there is a peak. So
from these figures we can deduce that the dominant frequency components change in
different regions of the time domain; we cannot determine fundamental frequencies for

each region.

Fig. 3.2.9 shows the spectrum of region A+B. The total length of time is longer, and the
resolution of the signal improves greatly. All of the peaks in this spectrum are the
overtones or combinations of two fundamental frequencies, f;=6 kHz and f, = 25 kHz.
The peak around 56 kHz is the combination of f+ 2 f,, the peak at 82 kHz is f,+ 3i;
the peak at 93 kHz is the combination of 3 f;+ 2 f,. (Although this peak is not separated

from the peak at 82 kHz, we know of it from the asymmetry of the peak at 82 kHz and
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from comparison with fig 3.2.7 where a big peak at around 92 kHz. is evident). At 118
kHz we see the combination 3f;+ 4f,; at 160 kHz we see 10f+ 4f,; 8f; is seen at 200
kHz. From this we can conclude that the first part of the schlieren signal including region
A, B, C is quasi-periodic. After about 275 ps the signal enters a chaotic regime. This
characteristic is shared by other oscillatory signals we have observed. Some of our
examples are shown in table 3.2.1. The spectra for experiments No. 64, 68 and 173 are

shown in figs. 3.2.10, 3.2.11 and 3.2.12 respectively.

From the Fourier analysis of the oscillatory schlieren signals three important conclusions
were drawn, The first one is that the oscillatory signal can be divided into two regions:
the first part is a quasi-periodic region; the second part is chaotic. Secondly, there are two
fundamental frequency components in the quasi-periodic regime, onc of which can be
considered the perturbation frequency. From these two considerations we can deduce that
our chemical system is ir an oscillatton dynamical regime!'2512"132, The last conclusion
is that the ratio of the amplitudes of the two fundamental frequency components is &
function of time; in different regions of the signal the dominant frequencies change. This
is similar to birhythmicity, i.e. to the bistability between a high-frequency and a low-
frequency oscillatory state as demonstrated in several chemical oscillators such as the BZ
reaction and the bromate-chlorite-iodide oscillator'>® when the flow rate of reactants
(perturbation frequency) is changed. Unfortunately, because the resolution is too low here

we cannot test whether the fundamental frequencies change or not in the different signal

regions.
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3.3 Discussion of the Experimental Results

In Chapter 2 the mechanism of generating oscillatory negative schlieren signals was
discussed. It was pointed out that the first cross-point in the schlieren signal, t,, (at which
the signal becomes negative) marks the start of the process of the formation of clusters.
(In Chapter 4 our simulations show that it is the stabilization of excited clusters which
most affect t,) Therefore, by measuring t,, the incubation time for cluster formation can
be determined experimentally. Qur experimental results showed that the incubation time,
t,. is a function of both temperature and pressure. Figs. 3.1.5a and 3.1.5b show that P,t,
increases with temperature. It is worth noting that the order of magnitude of the
incubation time measured from our experiments agrees with Hess' result® for (CS),
cluster formation. In contrast to our observations for small clusters under subsaturated
conditions CNT predicts that the incubation time for steady state critical cluster formation

(Eq. 1.2.39) decreases as the temperature and pressure increase, according to ref. 25.

-2nkT
FAGS (1.2.39)

a 2 ) nesnws

;.'P;41:r —2=
V2rmkT

in which

FAGE,

anz nene __B [ 3lenS-] 4

“nz 2P

where t* is the critical cluster radius, P is the monomer pressure, n* is the critical cluster
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size, m is the mass of a monomer, k is boltzmann’s constant, T is temperature, B=4n‘or§.
o is the surface tension, and r, is the radius of a monomer. At a supersaturation degree
of 4.65 and a temperature of 240 K for Freon-11 r* = 1.41x10° m, and the incubation
time, = 9.68x10'3 5. This is longer, as expected, than our subcritical incubation time. Our
experiments show also that the incubation time decreases with increasing | extent from
equilibrium | i.e. increases with increasing pressure (see fig. 3.1.2a'and 3.1.2b). According
to CNT, extent from equilibrium is expressed as S or P/P,,, . The larger P, the smaller
Pz, and this is the opposite of our observations in the subcritical subsaturated regime., as
an examination of figs. 3.1.2a and 3.1.2b reveals. In conclusion subcritical and critical

cluster formation rates behave dramatically differently.

The power spectrum of the oscillatory part of the schlieren signal that can be decomposed
into two fundamental frequencies is similar to one obtained from a periodically perturbed
oscillatory system'**, After a periodic perturbation is applied the response of a chemical
oscillator with a natural frequency, f,, can approach a periodic, quasi-periodic or chaotic
trajectory determined by the amplitude(A) and frequency (f;) of perturbation and the
initial conditions of the unperturbed system. If the amplitude of perturbation, A, is large,
the perturbation overwhelms the system, no matter what the perturbation frequency is.
The response is entrained', that is, the response induces a period with frequency, fo=nf,
where n is an integer. If the amplitude of the periodic perturbation is small for nearly all
of the frequencies the response is quasi-periodic'®. The power spectrum is composed of

several fundamental frequencies, their overtones and combinations. If the number of
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fundamental frequencies is two, i.e. f, and f,, the response is called biperiodic. Chaos may
occur through a period doubling mechanism, when the amplitude of perturbation is not
small and not too large. We have examined our system carefully. Although our
oscillatory schlieren signals are biperiodic, we are unable to identify the perturbation
frequency or to associate it with any physically realistic characteristic time. We have
unsuccessfully tried to relate one of the fundamental frequencies to an obvious
perturbation, namely to the time required to break the diaphragm. (Because we do not
measure this time we try 1o correlate, in table 3.2.1, the thickness of the diaphragm with
the two fundamental frequencies). Alternatively the time (t,) for molecules to pass through
the shock wave or (1) through the laser beam are possible bases for comparison. In the
previous chapter we found that there was no correlation with acoustic forcing frequencies,
either. From the Table 3.2.1 we can see that these frequencies calculated from time
periods, t, and t,,, do not equal to any of the fundamental frequencies. It is difficult to
draw any conclusion about the relation of the thickness of the diaphragm and any of the
fundamental frequencies, since the time required to break the diaphragm can vary even
if the thickness of diaphragms is constant. In the absence of a physical source for the
oscillations we consider a chemical source. Our chemical system is complicated. There
are several chemical reactions involved, for example the formation of excited dimer,
trimer, etc and their subsequent collisional stabilization. Therefore, there is a possibility
that f, and f, find their origin in the rate constants of two or more oscillatory chemical

reactions of the system,
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For the purpose of analyzing the oscillations in chemical terms it sutfices to choose an
average frequency, f, as determined by counting peaks in a given time interval. The
results, shown in figs. 3.2.13 to 3.2.16, show scatter similar to that observed for Py, Pt

and V_, /(V,P3), which is related to the technical instability to keep AP or T, absolulely

constant, as the case may be.

Table 3.3.1 shows the activation energies, E . E, . E,, and E ;, obtained from log
plots of (Pt} , (Pot,)", Vii/P and /P, vs VT for each fixed AP respectively. In all
of these cases the ordinates are proportional to effective second order rate coefficients.
From this table several conclusion can be drawn. First, we see that activation energy docs
not depend on AP within experimental uncertainty. Second, the negative activation encrgy
implies that some kind of bond is formed in the system. This is consistent with the
negative schlieren signal which is proof of an exothermic process (bond formation). Third,
the value of the activation energy is about -32 kI/mol. This is close, in magnitude, 1o the
enthalpy of condensation, 25 kJ/mol. This is proof not only of Van der Waals™ bond
formation but also of very strong competition with energy transfer (stabilization). This can
be understood by analogy with the much stronger chemical processes of atom-atom or
radical-radical combinations. Such non-equilibrium process are associated with a pileup
of population in super-excited vibration/rotation states. The finite rate of stabilization
leads to activation energies depressed (from the expected value zero) by amounts

corresponding to those states affected . In the case of clusters where there are few

vibration/rotation levels altogether associated with the weak bond and almost all are hard
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to stabilize we can expect the maximum depression ~ AH= AH,  (true for large

vap

clusters). Hence in our case, we can expect a depression ~24 kJ/mol.

Table 3.3.1 Activation energies measured from schlieren signals for CCL;F.

AP(mm Hg) | E, (k¥mol) E,,, (kI/mol) | E,,, (¥/mol) | E,, (kI/mol)
327 ~52:4 -38x2 - -295

504 -24.8+0.5 B B 4322

77%7 1722 -804 -108+5 -36.6£0.2
12513 -20.120.5 3142 2742 -22.620.5
17414 -23.2+0.5 -24x2 -21.020.5 -385
33515 -24.5x0.5 2742 -4122 -

76035 -34+4 -66.8+0.5 -39+5 -16.620.5
Average 2749 37120 -32x8° -31x8

(a: -804 is not counted in the average; b -108+5 is not counted in the average).

Cluster formation can be described by the following set of nonlinear reactions

A _,tA=A,
Ap+M=A +M

We assume that in the first step a monomer simply sticks onto a (n-1)-mer. Energy is
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released in the second step. Also, this is a self-heating process. Furthermore, we used a
shock tube as a tool to get the CCl;F vapour system far from equilibrium. Consequently
our system fulfils the requirements for a thermokinetically oscillating system, as described
in chapter 1. We expect a process to occur which is similar to the Salnikov-Gray
mechanism for the oxidation of organic compounds, which we described in the
introduction. There are two differences, however, between cluster formation and
hydrocarbon oxidation. First, the heat released by clustering is much smaller than in an
oxidation reaction of organic compounds, generally speaking; second, the shock wave is
an adiabatic system. No heat can diffuse from the system Lo the surroundings in the short
time available. However, there is an endothermic process which can play the role of
spoiler, that is the vibrational relaxation of monomers. Endothermic reactions such as
relaxations as well as the evaporation of cluster can produce a negative feedback, i.e. self-
cooling, and all the ingredients are present for oscillation. Since in our system the heat
effect is much smaller than that observed already in other thermokinetic oscillators, we
cannot expect large amplitude oscillations. It is the high sensitivity of the schlieren
technique which is crucial for detecting small oscillatory signals (gradients) in
homogeneous nucleation experiments. Because a shock wave is a closed system, we also
cannot expect that the oscillatory behaviour of CClL,F vapour can be sustained for a long
time. A new equilibrium distribution is achieved in a short time. Therefore, a fast
response detection system was crucial in this study. The time response of the laser
schlieren detection system is good to 0.01ps. Hence the schliceren technique played a very

important role in our study to detect this temporal phenomenon which only lasts about
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a hundred microseconds.

In summary, in this chapter we examined our experimental results. We found a process
whose time scale depended on temperature much like radical recombination, implying
bond (possibly weak bond) formation. The activation energy was around -24 kJ/mol. We
also performed Fourier transforms on our schlieren signals, showing biperiodic behaviour,
and having frequencies that also displayed a negative temperature dependence. The
schlieren technique was capable of recording this temporal phenomenon. From our
analysis we know that the cluster formation process for CCl,F (and CCl,) vapour is
accompanied by self-heating. Together with the non-linear relationship between the
temperature and the rate constant, and with very rapid shock-displacement far-from
equilibrium, this satisfies the kinetic requirements for a thermokinetic oscillator. In the
next chapter we shall build a model with nonlinear dynamic-kinetic laws based on the
cluster formation mechanism mentioned above, and show that it leads to the observed

behaviour.
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CHAPTER 4

COMPUTER SIMULATION

4.1 INTRODUCTION

The computational analogue of our proposed chemical system is used to simulate the
experimental results. In this chapter a mathematical model of the process of cluster
formation, stabilization and dissociation during shock compression will be described, and

the numerical method of simulation and the result of the simulation will be discussed.

The computer simulation can be divided into six steps'*®, 1. Formulation of a physical
model. In this study the model is the formation, stabilization and dissociation of small
clusters by a pseudo-chemical reaction mechanism. 2. Making some assumptions (o
simplify the model. 3. Formulation of the mathematical problem. In this sticp the
mathematical equations are derived to represent the relevant mechanism of the model.
These mathematical equations are based on basic chemical and physical laws, such as
mass balance and energy balance and equilibrium principles. 4. Solving the mathematical
equations. 5. Interpreting the solution. 6. Checking the model by comparing the solution

with the real model. If unsuccessful we must modify the assumption. The limits of the
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mathematical model are determined completely by the assumptions used in its derivation,

Steps 2 to 6 are repeated until a satisfactory result is obtained.

4.2 THE BASIC MODEL FOR CLUSTER NUCLEATION

4.2.1 The Physical Model

In the previous chapters we concluded that the exothermic schlieren signal in our
experiments is produced by the formation of clusters. The oscillatory behaviour of the
schlieren signal is related to the competition of the processes of formation, stabilization
and dissociation of small clusters. The arguments can be summarized as follows:

1. 190 experiments were done in two different size shock tubes. Comparing experiments
with similar experimental parameters (pressure and temperature ) but for different tube
dimensions, we found that the oscillations and exothermicity were independent of the
dimension of the shock tube.

2. In the same experiment where the main schlieren signal showed oscillation and
exothermicity the total signal showed no oscillatory behaviour. This indicates that
oscillatory behaviour of the schlieren signal is really caused by laser beam deflection on
the detector, and is not caused by faulty response of the electronic circuit of the detector
or of the waveform recorder. It is a spatially extended rather than temporally based.

3. Oscillatory behaviour was observed only after the shock front had passed. Before
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shock front arrival at the observation window there were no oscillations. This means that
oscillations took place in the gas column after shock compression.

4. For pure argon there is neither oscillation nor an endothermic nor an exothermic
process; only a signal due to the passage of the shock front, as expected. This means
that the oscillatory and exothermic signals which we observed in Freon-11 experiments
were not caused by other physical process such as shock tube recoil or the vibration of
the observation windows.

5. The temperature range that the experiments were carried out is about 293 to 500 K.
No dissociation of CCL;F takes place in this temperature range. Thus the observed signal
is not the result of an overall endothermic pyrolysis of CCLF,

6. Comparing experimental results we found oscillations could be observed if the initial
pressure was close to the vapour pressure and the speed of shock wave was not larger
than 3.0. The lower the postshock temperature, the earlier (in time) the oscillatory
behaviour started, when the initial pressures were equal to or close to the vapour
pressure. The higher the initial pressure of vapour, the earlier the oscillation began at
constant temperature. In general, the deviation of gases from ideality increases the closer
to the liquefaction point. This is partially due to an incrcased number of clusters. The
higher the pressure and the lower the temperature of the vapour, the casier it is to form
clusters. Therefore, our experimental observation implies that oscillation is related to
cluster formation.

7. For CCl, at initial pressures close to its vapour pressure (89.55 mm Hg at 293 K)

similar oscillatory and exothermic signals were obscrved.
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8. For CH, at initial pressures of 604 mm Hg and T=295 K the temperature is too far
above the critical temperature (190 K), and molecules have too much kinetic energy.
Therefore, no clustering is expected at the temperature that the experiment was carried
out. The critical temperature of SF; is 318.5 K. With weak shocks the signal showed that
exothermic reaction took place, but there was no oscillatory behaviour because after
shock arrival the temperature was higher than the critical temperature . After relaxation
the temperature decreased and an exothermic process took place. This strongly suggests
that oscillatory behaviour and an exothermic schlieren signal are related to the processes
of clustering and vibrational relaxation of hcth monomer and cluster (stabilization of
cluster).

9. Some very weak shock experiments {(exp. 154 and 157) were done in which the
temperature change was less than 2 degrees. These signals showed no oscillation and no
exothermic behaviour, rather only the relaxation processes for both clusters and
monomers. This suggests that here the temperature change was too small to cause an
observable change in the cluster distribution. But this small temperature change
nevertheless permitted the process of cluster vibrational relaxation to be observable.
10. The frequency of oscillation is a function of temperature and pressure.

11. In Bauer®™ et al’s experiments only one process, that is cluster formation, took place.
Their signals were not oscillatory. In their experiments the metal vapour was highly
diluted in Ar guaranteeing nearly isothermal conditions and eliminating any thermal
feedback. Also, the matal clusters do not have vibrationally excited states. Thus the

energy released by the metal clusters was taken up by the atomic gas, Ar. On the other
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hand the Freon-11 system is complicated in that the heat released by cluster formation
is fed back to the system and there are basically four processes happening: monomer
excitation, and cluster formation, stabilization and dissociation. As the temperature
changes the rate constants of these processes change nonlinearly. The signal is the result
of these four coupled processes.

12. Hess™! et.al. who observed cluster formation using a variety of techniques also used
the technique of photothermal probe beam deflection (PTPD) in studying (CS), cluster
formation. This is similar to our laser-schlieren technique. In their study if the probe
beam passes through the cluster formation region, a negative signal is detected. This

confirm that our negative signal is generated by cluster formation.

Based on the above arguments we conclude that cluster formation is the cause of the
exothermic signal. Oscillatory behaviour is related to the competing processes of cluster
formation , stabilization and dissociation and vibrational relaxation of monomers and
clusters. The proposed physical model is that after a shock wave arrival, CCL,F is
compressed suddenly. Both the temperature and the pressure increase dramatically. Then
rotational and vibrational relaxation of both monomers and clusters take place. These are
endothermic processes. Because of the temperature and pressure jump, the equilibrium
cluster distribution of the CCL;F vapour must also change. Note that cluster formation
does not require supersaturation> More clusters will tend to form and stabilize, This is
an exothermic process. The heat released at each stabilization step affects the equilibrium

cluster distribution nonlinearly, and each rate constant depends nonlinearly on the
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temperature, T. The Arrhenius representation for the rate constant is k= AeERT where

(assuming an adiabatic process) T changes according to

dT_ —— d [Ai]
1%C’ [4,] ?_t-ngH‘ dt

where C; is the molar heat capacity of the cluster of size i; [A;] is the molar
concentration of i-mer, and AH; is the heat change occurring upon the loss ot gain of a
mole of cluster i. Thus the mechanism is present for self-catalysis of dissociation and
self-inhibition of association'!®. Both the monomer vibrational excitation ( endothermic
) and the cluster stabilization processes ( exothermic ) interfere with each other. It is

these coupled processes that give rise to the oscillating and exothermic signal.

This is our physical model. Based on it and the following assumptions we shall build a

mathematical model to simulate the processes occurring in our experiments.

4.2.2 The Assumptions

In this study the major assumptions are
(1) The concentration of the collider , [M] , is constant.

(2) A cluster is formed by the addition of a relaxed monomer to a smaller cluster.
(3) A cluster dissociates by losing a monomer.
(4) A monomer has only two effective vibrational levels.

(5) The largest cluster considered is a pentamer.
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Since there are no thermodynamic and kinetic data for the formaticn and dissociation

of small clusters, some assumptions are made to derive these data.

(6)The molecular motions are adequately described by classical mechanics with
interactions described by a pairwise additive square well potential function. This type
of potential, though inexact, should suffice for the present purpose.

(7) The vibrational frequencies of a molecule are not affected by clustering .
(8) The density within a cluster is the same as the density of the liquid phase.

(9) A cluster is spherical in shape.

4.2.3 Derivation of the ODEs

Monomers can be vibrationally excited or unexcited by collision
Aj+M= A* + M
where A, is the monomer of CCLF, M is the collider, A] is excited monomer, k*,
is the rate coefficient for the formation of excited monomer, and ki is the rate
coefficient for the backward reaction. Two vibrationally relaxed monomers can form an
excited dimer, A;
A"+ ATy =A%,
k! is the rate coefficient for the formation of dimer; and kf, is the rate cocfﬁcicnt for

the reverse dimer dissociation reaction. Dimers can be stabilized by the process
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AL+ M=M+A,
where A, is the stable, unexcited dimer, k3 is the rate coefficient for the stabilization
process, and kY, is the rate coefficient for the excitation of dimer. The general reaction
for the formation of an excited n-mer and its reverse is represented by
An-l + A-] I A‘n
where A is the excited n-mer. k is the rate coefficient for the formation of n-mer. k¥,

is the rate coefficient for the reverse process.

The general stabilization reaction and the vibrational relaxation of clusters is represented
by

A", +M=M+A4A,
where A, is the stable unexcited n-mer, k; is the rate coefficient for the stabilization
process, and k%, is the rate coefficient for the reverse process. The rate of change of the

concentration of each component is given below by

d A I 5 »
_[a.Ell=-k-1 [A,] (M) +K5 (M) (A7) 4.1)
and

dlar]

—— =k A (M) -kT (M) (A)] +2k51A71-2k5 [A7] (A1)

4.2)
+§3 (-kflA, ] [A]]+kE [A2))

For cluster sizes n=2 to n<N, where N is the largest cluster size in system.
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d[An] g - g L] -
— =k (A7) (M) -k5,[,) (M) +kfinay [Ami ] =ka (2] (A7) (4.3)

and

draz] . o s s
=k (1 (AT k5 (A7) -k (A7) (M) +K5,14,] (M) (4.4)

For cluster size n=N

dlAy)

S =k (Ax] 1] -k 3(AR) (M) (4.5)

and

d A. » L - - I
—a-[ r:N] =k (Ay.y] (A7) -k 180 -k A7) (M) +kiay) (g (49)

We divided the above equations (4.1 to 4.6) by ( k! [ A]1,C). Here ki [A]], is the initial

concentration of excited monomers; and C is the total concentration of clusters .

N
C=Z(AJ+ATD @

Let
v=tg, (A,
here t’ is a dimensionless time scale; and kg.c is the rate constant of the formation of

dimer at the equilibrium temperature. We define the following paramelters in order to

simplify the differential equations:
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LA,

{4.8)
[A]
eq
g;W% “9)
(A1
eq
,=ﬂ (4.10)
O C
Then
471_. c _»C @11)

L = l L »
[Al ]o [Al ]0 yl.OCO

in which y"; o= [A, 1/Cp and C, is the sum of the total concentrations of all clusters,

including monomer, at time zero. The stabilization term

y (M) =k,jC+k,f“’[Ar]
(AT, (Al
c k" 1an, 4.12)
Conn  k, [Al)y
< _pz)

Coo

=k;(

=kn’(

in which Z, = [Ar] /[A, ], [Ar] is the concentration of a diluent, argon, kA" is the
stabilization rate coefficient of argon, and B= k&A7/k} is the relative efficiency of

stabilization by Ar compared with CCL,F itself. Using the above relations the working
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differential equations can be derived.

dy, yldC’ k' ¢! .
—_—— = =+ - )
PYMPTFY k{,(y;_o BzOn fin

dyy yldC’ _k c’ K

NC ¥y
B0 Ay ) AT =

7 7
dt! Cldt’ . 10

N kf }’l.cl yn.
_E (vn 1 - '—S nf
Yo S8dn-

dy, y,dC’ ! K oych oy
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L
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where C’ equals C/C, . Using mass balance ,

2 d([A] HAF) =0

the following equation can be derived

dc’=_k{{yl-y1'c’ yz')_ k.’.'{y lny’_ Yn )
- Lo -
de! k’f; Yo %2 3 ] Yo 58:fu-1

4.23)

By substituting the above expressions for dy/dt’ into the expression for the conservation
of energy,

T (H; d[A] + H] d[A]]) = Z(C,[A] +C, . [A{]dT
in which H; and H; are the molar enthalpies of Ar, unexcited and excited i-mer
respectively, C,; and C,;. are the molar heat capacities of Ar, unexcited and excited i-

mer respectively, and T is the temperature, the rate of change of temperature is given by

! kl's . - 4 . ., oY .CI y ;
-d—T,‘= -C—_"‘BZD][E —(H; -H)0; S+ k‘; (2H, -Hy )y 2
dt" yrg kie ke yio 82 (4.24)
") K onc! _ Vn CM")

+§ (H +H-H) Ot — - )1/({13 (€, Cpi 9 ) 2¥1p
-1

!
kZ.e Y10 84l C

The rate constants are all unknown. To minimize the number of parameters without loss

of generality we express the stabilization rate constants for monomer and dimer in

Arrhenius form,
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P m‘ (4.25)
k{, K,
and
2 2 -..Bl
%=%e RT (4.26)
k. k,
while for large clusters (n>2),
k k""‘ eiln-2) 4.27
H, k{,

where the scaling constant, A, can be positive or negative. A similar scaling factor, B,
is used to express the dependence of the formation rate constant on n. Here k{ is based
on a barrierless hard sphere collision model and is proportional to the effective collision

area and the square of the reduced mass,

g
i 1+n13 ) 2 2 n+l ) Bir-2) (4.28)
K, I ¥217°N 3

The schlieren signal in the experiments is essentially dp/dy vs t. In the ideal gas law,
p=pwRT, we take pu as approximately constant in time during the shock wave!'’, and
we obtain the following relation :

Therefore, for the purpose of simulating the experimental observable, dp/dy, it is
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_dp dt/ _pp dT at’
dt! dy R T34/ dy

sufficient to calculate dTA(T? dt").

(4.29)

4.2.4 The Equilibrium Distribution

In the above system of differential equations there are two kinds of coefficients. One
consists of constants like y;'o and z, . The others are coefficients that change with
temperature during the integration, such as £, g, . k®, k? , kf and k{ . The cluster mole
fractions, y, and y,', , together with C’, T and t" are variables. In order to numerically
integrate this system of equations the coefficients and the initial values of the variables
must be given. In this section we discuss how to derive the equilibrium distribution at
a given temperature, because it relates to the initial values of y and o the reverse rate

coefficients through the appropriate equilibrium constants.

The initial distribution of clusters is calculated using the equilibrium constant, K,,, of the
reaction, A, = A _, +A. All clusters are considered to be in the gas phase. If P, , P, and
P, are the equilibrium partial pressures of A, , A, ; and A, respectively. Then

Pn-lPl
Ky=—2

n

(4.30)

From thermodynamics
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. 4.31)

where AG? is the standard Gibbs free energy change for the above process, and R is the

universal gas constant. From Eqns. 4.30 and 4.31 the following equation can be derived

AG.T,
Yn1.010_e o (4.32)
Y no EP i

where the subscript o is used to indicate the initial condition. Zp; , is given by

Pupar, (4.33)

Here P, is the total pressure of the vapour phase at the initial condition. P,,, 1, is the
saturated vapour pressure at the initial temperature T,,. s, is the degree of supersaturation
of CCLF at the initial temperature. Ty, is the normal boiling point of CCLF.

Let
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21 Yn-1

X (4.34)
T, .
Using the mass conservation condition,
Yy Yuz,=b (4.35)
a polynomial equation is obtained:
N n
N
25— 10 (4.36)
“-
I0x,,

i=2

Once y; is determined, the mole fraction of excited i-mer can be determined from y; and

from the partition function that is given below

aH{ 2T

faze ® = -

where AHY is the enthalpy change for the process A, =A,, + A . In other words the
excited cluster is considered to be the same as its two components barely holding
together like a rotating double star with rotational energy 3/2RT. Hence the cluster

distribution at the initial temperature can be calculated.
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This procedure is , however, not acceptable for monomers, which contain a significant
population in a large number of stable states. In order to keep the problem tractable we

proceeded as follows:

The equilibrium mole fraction of monomer, y,, directly obtained by solving the
polynomial equations was partitioned in the following way. First, the degeneracy, g(e(v)),
the number of ways a given amount of vibration energy, e(v) , can be distributed among
the quantized vibrational modes of CCL;F molecule, was calculated with the algorithm
proposed by Beyer and Swinharts'>7'%8, The fundamental frequency' of each mode of
CCI,F was used in the calculation. Then, a graph of g(e(v))e ™ *T against e(v) was
made. For simplicity, the molecule of CCl,F was assumed to have only two energy states
in the model, which we called ground and excited states, Choosing the maximum point
on the curve, we found the corresponding vibrational energy, e(v,max). Then, the

partition factor, P,, was determined by

1 q,
e(v,max) -tV
T glee ®
p =_t=0 (4.38)
4 e(v)meo 5\
X glee M
e(v)=0

The total monomer mole fraction, y,, obtained by solving the polynomial equations was
then partitioned, according to y, = y,P, and v = yp(1-Py). This procedure was repeated

for other temperatures.

The values of P, the partition factor, and the thermodynamic data for CCI5F, such as
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vapour pressure, entropy and enthalpy of vaporization and the density of the liquid state
at the vapour pressure, and the corresponding temperature were read into the program.
They served as the data base for the Eqcalcu Fortran program. In the program the data
base was built up by calling subroutine Splifit in which cubic spline fitting was
implemented. The data at any temperature below 600 K could be interpolated from the

data base.

The equilibrium distribution of clusters after passage of the shock can be calculated in
the following way. From the equilibrium constant for the process A, = A, + A the

following equation is obtained as in Eq. 4.32,

AG,;
Yo _€ T Zip;, 439)
Yn ):iPszEPiz

Here the number 2 indicates the postshock pressure. Xip; , is given by

_ bp, 5> (4.40)

where p,/p, is the compression factor determined by the shock wave conditions, p, is
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the pressure behind the shock wave, and p, is the pressure ahead of the shock wave. s,
is the degree of supersaturation at the initial temperature. AH,,, is the enthalpy of

vaporization. y; . is the equilibrium cluster mole fraction at the initial temperature.

Letting
_AGy
RT
X= ¢
-AH 4.41)
P; R ('11'—'31'")
—=s,e Xy,
a
then
Y1¥n-1
X =2in1 (4.42)
" b / nziyl
and
2 y‘=l (4.43)

Starting with y, and y, as a basis, application of the above recursion relation leads to two

simultaneous polynomial equations in y, and y,:

N-2

n
E )’; q(;)
n=l 1 +y,+y,-1=0 (4.44)

n+2
I1x

i=3

and
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R+l xz n
n-2 (22 (?) 5
1 +2y,+y, - LI (4.45)
5 on-2

el n+2

11,

i=3

From these two equations y, and y, can be found. The remaining y; can be casily
calculated from the recursion relation. y; can be partitioned into excited y; and y, using
the partition equation (4.33), and all y; and y; renormalized using 3( y;+y;)=1. From the

equilibrium distribution, g,, f; and s can be calculated.
4.2.5 Thermodynamic Data for Clusters

In order to solve the polynomial equations and derive the equilibrium distribution the

standard free energy change and the standard enthalpy change for the process
A A, A (4.46)

must be known. In this section the formulae for calculating the internal energy change,

the standard enthalpy change , the standard entropy change and the standard Gibbs free

energy change are discussed.

1. Energy change. In this model the potential interactions between CCIF molecules
in a cluster are represented by a pairwise additive square potential function. The cluster
is defined as a group of CCL,F molecules bound together by their intermolecular

interactions. The distance between molecules in a cluster is comparable in magnitude
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with the intermolecular distance in the liquid phase. The total interaction energy of i-mers
can be derived from the following consideration. First, suppcsing all molecules are

interacting with each other, the total interaction energy, U,, is

_En(n-1) 4.47)
2

where € is the depth of the square well potential function i.e. the decrease in energy
when two separate molecules form a stable dimer. n is the number of molecules in the
cluster. If the radius of the cluster, R , is larger than the range of the molecular force (1)
not all of the molecule interact with all of the other (n-1) molecules; rather only with
[(M/R)*n-1] molecules, providing that the cluster has uniform density. The total

interaction energy is equal to

_Enpnyd 4.48
T[(ﬁ)" 1] (4.48)

If a molecule is situated on or close to the surface of the cluster it interacts with fewer
molecules than [(n/R)’n-1]. Therefore, the above calculation overestimates the total
interaction energy. After correcting this problem? the total interaction energy is given
by

2
~_£ Ny, M. 3.1 Mg 4.49
Up=~3l(2) (v " +§-2-(—0)) J (4.49)

To

The total interaction energy of the cluster calculated using eq.4.49 is based on the
assumption that monomers do not have any intrinsic energy of their own which depends

on its neighbours. The energy per molecule, U, , has is given by
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-1
T=-5yn-2, 3, Lyl (4.50)
N 2((1'0)[ lﬁron +32(r0) n] )

As the cluster size, n, goes to infinity the liquid phase is obtained. At this condition the

average interaction energy per molecule is
Uygpaa™ (Y1) (4.51)
21,
according to this model. This is the interaction energy of one average molecule of CCI4F
in the liquid phase. Since it is assumed that there is no interaction between monomers
this is simply the energy difference between a molecule in the liquid and in the vapour.

Shifting the energy scale to let the energy of a monomer in the liquid phase be zcero,

adds the term

ﬁ=_§((l)3_1) (4.52)
2°r,

to the energy of a monomer in the gas phase.

Now the total interaction energy of the n-mer is given by
€N 3 n {4.53
U/=—5(Nyr18n 3 -1y 33)
i 64(r,) [ (’.,) 1

for n22, For the monomer
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T =5 )y- 4.54
U, 2((’0) 1) (4.54)

The total energy of the n-mer should include the translational, vibrational, and rotational
energy as well as the interaction energy with other molecules. The totai energy of the n-

mer cluster is then given by

E, =U./+(12n-3)kT (4.55)

The term (12n-3)XT is the result of treating the energy of every degree of freedom of
translation , rotation and vibration classically. Within each cluster there are 3n free
rotations and 3n free translations. Accounting for 3 translations and 3 rotations of the

cluster as a unit, leaves (9n-6) vibrations. Similarly for the monomer

E;=12kT+U| (4.56)

The energy change for the process A, = A, + A is given by

2 2
AE= 2[R P(1 -t T - D)-1) (4.57)
rO

l6r,

The value of &/k is 399 K for CCL,F (see ref.140). Replacing k by R gives molar units

instead of molecular units.
2. Entropy change. In equilibrium statistical mechanics'*! entropy is giver Dy
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S=kinQ+k1( @

T

(4.58)

where k is Boltzmann's constant, N is the number of particles in the system, and Q is the

partition function of the system given by

Q=[—§l—qflqgafﬂ.i

(4.59)

for an assembly of any species of weakly coupled units. q,, Qu Qyip a0d Q. arc the

molecular partition functions for translation, rotation, vibration and electronic motions

respectively .

For monomers

and

where

(4.60)

(4.61)

(4.62)



o is the symmetry number, and L =% m; r7 is the moment of inertia where r; symbolizes
the distance of each atom (of mass m;) from the axis of rotation. The product of the
moments of inertia of CCLF, 1,151, is 5.7360x107" g* cm® (see ref 139). h is Planck

*s constant = 6.6262x10°> Js. At high enough temperatures q.;, is given by

=TT XT (4.63)
Dvip & h—Vl
The entropy of the monomer is given by
S
oo NlnN+NInV+_2_NInm+%MnI+%NIuT+%NlnT

3 (4.64)

2 T

+2:[Ntnr+mn( )] +Nine +Mn(_)’f+Mn(§L2"“)_)

iw] , ch 3

After forming a cluster a given molecule’s vibrational and electronic energy do not
change according the model. Only the translational movement changes since a molecule
in a cluster can only move in a very small volume, v,, and this movement is limited by
the interaction forces between molecules for the restricted motion. The translational

partition function under such circumstance can be shown to be given approximately by

-
“E (4.65)

233



q', is the molecular translational partition function for motion within an n-mer. v, is the
free volume in which molecule can move around within the n-mer. U, is the interaction

energy that a molecule possesses in the n-mer. Let

o (4.66)
qﬂ' ) =€

and let S, be the contribution of qy, to the entropy of the n-mer. S, is equal to

alnq,,.'E
aT

-
Ni(-—+T— KT

kT oT
=0

S,u=Nk(ng, . +T( v

The above shows that q,,, does not contribute to the entropy of an n-mer. The partition
functions for rotation and vibration are the same as those for the monomer . Now the

entropy of the (n-1)-mer is given by

where N is the number of (n-1)-mers in the system, and (n-1) is the number of molecules

in the cluster. The first line of the equation is the contribution of the cluster as a unit; the
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5
5
...‘.’%".“_%-NInN+Nan+3NInT+%NIn[(n-l)m] +%Mn[(n-1)"’1] +const,

=N{n-Dlin(n~1)+N(n-Din[(n-1)v,] +3N(n-l)lnT+%N(n ~-1)lnm

+3 N(n-1)inl +const,
2 (4.68)

second line is the contribution of (n-1) molecules within each cluster to the entropy of
the {n-1)-mer. Since we assume that the cluster is a sphere the moments of inertia of the
(n-1)-mer, 1,, Iy and I are equal to I,=2Mr?%/5, where M is the mass of the cluster
(proportional to n), and r is the radius of the cluster (proportional to n'?), Therefore, the
moment of inertia of an (n-1)-mer is Cn*? times that of the monomer, wherein C is a

constant. In the same way, the entropy of the n-mer is given by

5
S
(o ;"") =-NInN+Nin V+3NlnT+%Nln(nm) +-§-Nln(n 31 +constys

(4.69)
-annn+ann(nvo)+3annT+%annm+%annI +CONSty
Then, for A, = A, + A
£ = Snwnomer . S(n-l)—mer _ Sn-mer
ko k k k (4.70)

=Nin(Y_y+Nin(—Lys
Ny n

[
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As n—yoe , aS /k become

AS v
— =NIn(_2%) 4.71)
k Nv

This is the entropy change for the process of transformation from pure liquid to vapour

. The entropy change for the process A, = A, + A can be wrilten as

AS_ AS., +Nin( n-1 ) 4.72)
k k n

If we consider the process A, —nA the entropy change is given by

k]
AS 14 3,,273,4 3
Nk Nv, n ov,h'

As n—eo the same limiting values are obtained whether the process is A, =A,, +A

orA, —nA,

In the above derivation the classical approximation was made for the vibrational partition

function

_ v
=T

G—— = g 4.14)
7 v
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where the frequencies, v, are not affected by clustering.

Now we discuss the effect of this approximation. The cluster ( CCl3F), has a total of
5n atoms and thus have a total of 15n degrees of freedom. Taking the cluster as a unit
it has three degrees of freedom of translational movement and three degrees of freedom
of rotational movement. Every molecule in the cluster has three degrees of (restricted)
translational freedom and three degrees of rotational freedom . Therefore, the total
degrees of vibrational freedom within the cluster is 15n -6n -6 =9n -6 . Each monomer
has three translational degrees of freedom and three rotational degrees of freedom, for
a remainder of 15-6=9 vibrational degrees of freedom. The contribution of the

vibrational motion to the entropy change of A, —A_, + A is thus given by

AS vib = S (n-1)-mervib + Smano,w‘b _ Sn-mer.vib
k k k k (4.75)
olng,
=(9n-15+9-9n+6)[k[Ing +T{ 5T In vl
=()

where each oscillator is treated on the same footing whether it is inside or outside of the
cluster. Had we partitioned the energy differently, e.g. had we ascribed the internal
restricted translations and rotations to vibrations, then there would have been a loss of
6 oscillators. With our procedure there is no net change in the number of oscillators and
there is no need to assign frequencies in calculating AS,;,. As it stands vibration

contributes nothing to the entropy change of the process.
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Another approximation that has been made is Stirling’s formula In N! = NinN-N. When
considering the number of monomers or the number of clusters this approximation is
valid because N is a large number. However, when considering the number of molecules
in an n-mer this approximation as applied to In n! is not valid becausc n is a small
number in our work. Let us find the effect of using the Stirling’s approximation ior the
process A, = A_; + A . The difference is given by

[lon! -(nlnn-n)] -[In(z-1)1-(r-1)In(r-1)+(n-1)lxce]

=In n! -nlnn+(n-ln{n-1)+Ine

(n-1)1
=lnn-nlnn+(n-1in(n-1)+Ine (4.76)
=~(n-1)lnn+(r-1)In(n-1)+lne

(-1 1ne
n

So we must add this difference to our formula for entropy change, AS,

AS - -
AS e ™ Lia-ym L ine
k ASk’ n n @17
= W+(n+3)1n!!:_1.
k n
in which
/
AS vy Veus (4.78)
k Nv

v, is the average free volume in which a molecule can move around within a cluster. If
the vapour phase can be treated as an ideal gas then AS’,,; at pressure, P, and
temperature, T, can be written as

in which V,,, is replaced by the molar volume, Vi, at the saturated vapour pressure.
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VM
v,

AS7_=R(n—2=+1)

Q

- P
V(T,Pw)—‘“! 4.79)
=Rl +1]
VTP
=AS (T.P,.)-Rlns,
Nv, is replaced by the free molar volume, v,, in which a molecule can move around

in the liquid phasc at the saturated vapour pressure. AS,,, is the molar entropy change

for liquid — vapour, and s, is the degree of supersaturation defined by P/P,,, .

For A, = A, + A the entropy change is given by

A-S: - AS\;(T'P vap) +In( n-1 )(Sm)_Rlnso (4.80)
k k n

Here AS,,, (T,P,,p} is the molar entropy change at the temperature, T, and the vapour
pressure, P, for liquid — vapour. The standard entropy change can be calculated by

replacing P with latm.

3. Enthalpy change. From H = U + PV, the molar enthalpy of n-mers can be written

as

H, =(12n-3)RT+U, +PV,, (4.81)

For monomers the molar enthalpy is given by
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H,=12RT+U, +RT (4.82)

For the process A, = A, + A

AHn=RT+C n-1l +-U;-U;+PV—

lig
2 L (4.83)
=RT-PV_+E1(CV -2y T n-1))-
hq+2[( ro)( 16(1'0)(" "(n %) l]
For dimer evaporation
2
AH=4kT+e[(Dy3-11-2 ()18+27 - L) (4.84)
r, 64 r, r,

As n—ee A becomes a bulk liquid, and AH, becomes the enthalpy of evaporation

AH;(T.PW)=RT+-;[(-;]-)3“1]‘P,.,,,,V;; (4.85)

The known value of AH,,, allows us to determine the value of the parameter (n/r, ).

AH, for the process A, = A, + A is a function of pressure .

4. Free energy change. Since the enthalpy change and the entropy change of the
process have been derived the free energy change can be readily derived, using the

equation AG = AH - TAS. The free energy change as a function of temperature , cluster

size and pressure is given by
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2 2
AG =RT+E[( A y-11+2& (M) (n-1)T-n T1-RTTIn V_il4n(=Lyemy4.86)
2 r 32 r Nv n

/] -] @

For the calculation of the distribution cluster the standard free energy change, AG®, for
the process A, = A, + A is required. The standard free energy change refers to that
the reactants in their standard states transforming to the products in their standard states.
The standard states for gas phase n-mers , (n-1)-mers and monomers are pure substances
at unit pressure, P. In order to get AG®, V in the equation for AG is replaced by NKT/P,

and we sct P =P°.

2 2
AG,,°=RT+.§.[(.:J.)3 -1] +%(r1)“[(n-l )>-n 31-RTlIn

KT o1 san(/t=1y0y
o n

P

o [

(4.837)

The difference between 4.87 and 4.86 is simply

AG-AG °=RTIn L. (4.88)

PO

Then

2 2
AG 2=RT+E[( NP -1+ 25 Ly (n-1)7 -n T)-RTIIn L
2°r, 2 r o

P P,

1+ Ly rmn f
n po

(4.89)
As n—eo, and when the pressure equals to the equilibrium vapour pressure evaporation

takes place and AG equals to zero, thatis AH,,, =T AS,,, . Using this relation and
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the equation for AH,; and AS,, the following is obtaincd

kT

RT+E[(P-1)-RT(In
2 r

1=PV,, (4.90)
v
a vap o

so the standard free energy change for the process can be simplified to

2 2
AG,,°=PV,,.q+R71n PP +E(ﬂ)4[(n-1)7-n ’51-Rnn(_'11)<3+ﬂ)] 4.91)
n

vap,T' o

in which Viiq is the molar volume of the liquid phase. P? is equal to I atm if the unit of

the vapour pressure, P, is atmosphere. This equation is for n-mers with n larger than

2. For dimers

o 2
AG;=3RT+PV, +RTIn Pl SR y-11+-E (18423 -y -RTIn(2 Ly
Pw_,. 2, 64r, r, n

(4.92)
Now all of the thermodynamic data for cluster formation can be calculated from ihe
equation that is based on our cluster model and from thermodynamic data for bulk liquid

and vapour . In the next section the mathematical procedure for solving the system of

ODEs will be discussed.

4.3 Discussion of the Numerical Method

A mathematical model has been constructed based on the proposed physical model of the
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last section. It is composed of 12 coupled nonlinear first order differential equations. The
initial cluster distribution is known, that is the value of the dependent variable is known
at the starting point. There is no analytical solution of our nonlinear coupled system of
differential equations. We have to use a numerical method to solve them. In this section
we shall first examine our equations for a unique solution , Then we shall discuss the
basic idea of the numerical method and finally we shall discuss stiff'*? equations and

Gear's method!?,

4.3,1 Properties of the ODEs

Some initial-value differential equations can have more than one solution for given initial

values'*

. Many numerical methods will return some numbers, but it is obvious that they
do not have any meaning if the problem has no unique solution. Before attempting to

solve our initial-value problem, we must know whether a unique solution exists.

To discover if an equation has a unique solution first we must discuss the Lipschitz
condition'%: If y’=f(t,y) is a differential equation i{%,y) is said to satisfy a Lipschitz
condition in the variable, y, on a set D={(t,y)l 0<t £ b, -eogy <+e2}, provided that a
constant £>0 exists with the property that

ly.0-feysl s L by-y4
whenever (t,y), (t,y*) € D. The constant, L, is called a Lipschitz constant for f. The

theorem states that f(t,y) is continuous and differentiable on D. If f satisfies a Lipshitz
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condition on D in the variable y, then the initial-value problem

y=f{ty), astish, yQ@=a

has a unique solution, y{t), fora St <b.

Our system of differential equations was examined with this theorem. We found all of our
equations are continuous and differentiable on the region 0 <t’ £ b (b is sufficiently
large). The first ten ODESs can be written as
£y, )=ATy ALY H(y, L) (j=1,2.3.... and i)
in which Afand A, are not functions of y;, and the finite numbers, j are not equal to i.
The above equation is continuous. Since df(y;,t)/dy; =2 A} y; +C, and the maximum of
y;is 1.0, 2 A} y; +C<L (L is sufficiently large). Therefore, these ten ODEs satisfy the
Lipschitz condition. They a have unique solution in a specified region (0st). The 11th
equation can be written as
g(C"\)=BC? +B,C’

Here C’=C/C_=y,, and 0<C’ <1, while B and B, are the bounded functions of y;.
dg(C’,t")/dt’ is continuous and differentiable on the region 0 S "< b . B and y,, are finite
numbers in this region. It satisfies the above theorem. The 12th equation can be writlen

as

-2
a,

where D, K, G and E are not functions of T, but rather finite numbers. h (T), hy(T) and

h,(T) are functions of temperature. As long as T is larger than zero, hy(T) is not equal to
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zero. Therefore, dh(T,U')/dT is bounded on the region 0 < t' < b. The 12th equation,
therefore, also satisfies the Lipschitz condition. We can conclude that there is exactly one

solution of our system of ODEs for a set of initial values.

The second question is whether these ODEs are well posed or not. Well-posedness
means that small perturbations in the stated problem will lead to only small changes in
the solutions'**, This is obviously a useful condition, because a numerical approximation
to the solution may well introduce perturbations such that a different problem would be
solved. It is desirable that the solution can be made as accurate as needed by keeping
these perturbations small. Unless the original problem is well-posed, though, there is little
reason to expect that the numerical solution to a perturbed problem will even approximate
the solution to the original problem. Fortunately, the Lipschitz condition is a sufficient
condition for an ordinary initial-value problem to be well posed. The theorem'*’ states
that

if f(y,1) is continuous and satisfies the Lipschitz condition in the variable y on the set D,

then the initial-value problem y’=f(y,t} , a <t <b, y(a)=a is well posed.

The third question asks whether our system of equations is stiff or not. If some variables
are known to change on a time scale very different from that of the others, and if the
physical problem is well-posed the governing equations are likely to be stiff'*>, We know
that a set of stiff differential equations arises in almost all chemical kinetics studies due

to the existence of a set of greatly differing time constants. All of our equations are
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characterized by a transient st.ge at the beginning followed by a relatively slow variation.
We can conclude that our system of differential equations is stiff. More detail will be

given in section 4.3.3.

4.3.2 The numerical method

The numerical method which we usec for the initial-value system of differential cquations
is a difference method'*. The solution is approximated by the values of y; at sequences
of discrete points called the mesh points. The space between these points can be either

constant or varying. The space between two mesh points is called the step size, h.

The underlying idea of the difference method is to rewrite dy and dt as {inite sieps Ay
and At. Multiplying the differential equations by At we get Ay =f(1)At. Repiacing Ay by
Y;-Y;.» where y; and y;, are two values of y at neighbouring mesh points, {; and ¢, and
where At is the step size, h, then we get y=y, +hf(t, ;). This is the difference equation.
It give us algebraic formulae for the change in the function when the independent
variable, t, is stepped up by the size "h". In the limit ~f very small step size, h—0, the
value of y at the mesh point, t;, is obtained. For the initial-value problem the value of y,
at t=0 is known. Using the difference equation the initial value differential equation can

be solved.

What we have discussed above is the so-called Euler method'#®, In Euler method we use
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the slope, y;, at the beginning of the interval to determine the increment to the function.
But this is not perfect because the slope is not necessarily a constant. Euler method
merely illustrates the basic idea of the lifference method. It cannot be used in practice.
Euler’s method is called a one-step method because the approximation for the mesh point,
t, involves information from only one of the previous mesh points, t;;. The error'** in
Euler’s method behaves as O(h') as h—0. For this reason it is called a first order method.
The most common method is the multi-step method, which uses more than one previous

mesh point to determine an approximation at the next point.

A multistep method'*® for solving the initial value problem y’=f(y.t) ,a<t <b ,y(a)=a is
one whose difference equation for finding the approximation, w;,,, at the mesh point, t,,,
can be represented by the following equation, where m is an integer greater than 1.
Wit =0y Wit g Wi+ Wi o thb (Wi 4,) 400, f(W3, 440 f (Wi e G
m)]

for i=m-1, m, N-1 where the starting values are w =0, W;=0;, Wy=0,"* W =001,
and h=(b-a)/N. When b,,=0 the method is called explicit; when b #0 the method is called
implicit. In practice the combination of explicit and implicit techniques is used. It is
called the predictor-corrector method. The explicit method predicts an approximatidn, and
the implicit method corrects this prediction. The Adams-Bashforth-Moulton method'®? is
one multistep predictor-corrector method in which the first step is to calculate the starting
values, wg, Wy, W,, and w, for the four step method. To do this, a fourth-order one-step

method, the Runge-Kutta method'*?, is used. The next step is to calculate an
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approximation, wj, 1o y(t,) using the Adams-Bashforth four-step method as the predictor
wi=w4+h{55f(t;,w;)-591(t;, Wo)+371(t . W, )-9f(t . w,)1724
This approximation is improved by use of the three-step Adams-Moulton implicit inethod
as the corrector,
wi= wy+h[9f(t,, Wi)+19£(13,W4)-58(1,, W) +(1,,W,)1/24

The value, w}, is then used as the approximation to y(t,), and the technique of using the
Adams-Bashforth method as a predictor followed by the Adams -Moulton methed as a
corrector is repeated to find ws and wi, the initial and final approximation to y(i) etc.

In theory, improved approximations to y(t;,,) can be obtained by iterating the Adams-

Moulton formula,

WEt = wrh[90(t g W 10, W) ST(L 1, Wy )+ W 501124

k+1 times. In practice, since {w¥!!} converges to the approximation given by the implicit
formula, rather than to the solution, y{t,,), it is usually more efficient to use a reduction
in the step size if improved accuracy is needed. The derivation of both the Adams-

Bashforth and Adams-moulton method can be found in Gear’'work (1. ference 143).

One of the important concepts in the difference equation method is numerical stability.
- This refers to those errors which do not grow in subsequent steps. We say that the
mathematical problem itself is well-posed if the effects of error build up are bounded
regarding the problem itself. We also need to know that small changes in the initial values
produce only a bounded change in the numerical approximation provided by the method.

If there exists an h, >0 for each differential equation such that a change in the starting
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values by a fixed amount produces a bounded change in the numerical solution for all
h<h, , then the method is numerically stable'*2. A stable method is one that depends
continuously on the initial data. Well-posedness is related to the mathematical problem
while numerical stability is related to the method. Generally speaking, the higher order
the method the smalier the stability region is. Implicit methods vusually have larger

stability regions than those of the corresponding explicit method.

There is a rule for determining whether the method is stable or not. For multistep methods

it is given below!®,

The multistep difference equation method is written as

Wisl S8 Wi + BuaWig + - HWim HFQG, by Wiy, Wi oy Wign)-

and W,=0, WSO, s W =00 5,

The characteristic polynomial equatior: associated with the multistep rethod is given by
P(A)= A™ 2 A" ) A- 2,

Let A, Ayewhy, denote the roots (not necessary distinct) of the characteristic polynomial

equation. If | A, | £ 1 for each i =1, 2, «~, m, and all roots with absolute value 1 are

simple roots, then the difference method is said to satisfy the root condition.

(1) Methods that satisfy the root condition and have A=1 as the only root of the

characteristic equation of magnitude one are called strongly stable.

(2) Methods that satisfy the root condition and have more than one distinct root with

magnitude one are called weakly stable
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(3) Methods that do not satisfy the root condilion are called unstable.

The magnitude of the roots of the characteristic polynomial of multistep methods is
associated with the round-off stability of the method. If the | A, |>1, the round-off error
will be amplified at each step, and the method is unstable. If a method satisfies the root
condition the round-off error is damped, and the multistep method is stable. The
characteristic polynomial for the Adams-Bashforth method is P( A)= A3( A-1), which has

roots A,=1, A,=0, A;=0, and A,=0. Itis strongly stable. The Adams-Moulton method

is strongly stable also.
4.3.3 Stiff ODEs and Gear’s Method

Curtiss and Hirschfelder'*® first identified "stiffness" as an important property of
differential equations in their chemical kinetics studies. A characteristic of virtually all
chemical kinetics systems is the widely disparate time scales involved. This range of
times gives rise to a number of computational problems, the best known of which is
"stiffness”. We can use the simple example given by Kee et ai*® 1o describe stiffness.
Consider the following simple linear first order ODE.

y'=-A(y-(-1))+2t 0Stsh y(1=0)=y,
where A is a large positive constant. The general solution of this equation is

y=ly,-11 e+ (241) .

For the initial condition y_ =1, the solution has only the slowly varying component,

y=t?+1. For all other initial conditions, the solution approaches the particular solution
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y=t>+1 very rapidly. The larger the value of A the more rapidly the solution approaches
y=t*+1. This is the two time-scale problem. The integration curve is composed of two
parts: the initial transient part corresponding to the fast process with time constant, 1/A;

and the slowly varying part corresponding to y=t+1.

There is no problem if the above equation is solved analytically. When it is solved
numerically, the stiffness problem become evident. If an explicit method is used to solve
the above equation ia the initial transient part a small step size, h, must be taken for
reasons of accuracy, because y changes very fast. In the slowly changing part the step
size is restricted to be of the order of h=1/A, i.e. the smallest step size, in order to
preserve numerical stability, not accuracy. Stiffness arises only when accuracy would
allow us to take a relatively large step size, but stability dictates a much smaller one. It
is a remarkable property of the implicit method that it does not suffer such severe stability
restrictions. For both linear and nonlinear problems implicit methods are far superior to

explicit methods'*,

In our mathematical model the change of mole fraction of monomer and the temperature
change are similar to the above example. The integration curve is composed of two

processes: a fast transient and a slowly varying part.

The most widely used class of linear multistep methods for stiff problems consists of the

implicit "backward differentiation formulae", or Gear’s method. As the name suggests,
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the derivative at the current point, f,,,, is approximated using the previous (k+1) values,

Yasj (0SjSK), leading to linear multisiep methods of the form

k

For k=1, the Euler backward difference method is obtained. As noted above, Curtiss and
Hirschfelder, who first recognized stiffness problems in ODEs were also the first to
propose solving stiff problems using backward differcntiation formulae (BDF). Gear'
showed that the BDF method for k=1,2, -+ ,6 satisfied his definition of stiff stability,
and outlined a sophisticated implementation of the method as an algorithm with automatic
step size and order-changing that provided for careful error control. The mathematical
formula of the method is similar to the Adams-Bashforth-Moulton method. It uses a pth
order predictor formula of the form

Wo SO Woy + OpWop + o+ OuWy, + R, 0L )
and a p-th order corrector

Wit = By Wy + Bawog + o+ Bowy, mohfitwy ot ).
The details of the derivation and the constants ¢, B;, 1, and ng are given by Gear'®.
This method has been implemented into a very robust, user friendly computer subroutine

called IMPAG by IMSL.

Enright and Hull'¥’ tested different numerical methods for the solution of stiff systems
of ODEs arising from chemical kinetics. They tested Gear’s method, the method based

on the trapezoidal rule proposed by Dahlquist'*®, the implicit Runge-Kutta methods
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suitable for stiff equations based on the formulae of Butcher'*®, methods based on the use
of preliminary mathematical transformations to remove stiffness, and methods based on
second derivative multistep formulae on standard kinetics problems, kinetics problems
with oscillatory solutions, and on reactor problems. They concluded that among the five
methods they had tested, Gear’s method was suitable as a general purpose method for stiff

ordinary differential equations that arise in chemical kinetics studies.

In this section we have examined our ODEs and discussed numerical methods, stiff
equations and Gear’s method. Now that we have concluded that our stiff ODEs are well-
posed, they can be solved using Gear's numerical method. Gear'> pointed out that for
a nonlinear system, when it reaches or closes to chaotic, numerical methods are going to
yield very different solutions for different error controls. In our calculation we decrease
the parameter, tol, in intregrator, DIVPAG, until integration result does not change. The

parameter, tol, controls local error in DIVPAG.
4.4 COMPUTER PROGRAM

The calculation is carried out using two computer programs, Eqcalcu Fortran (Appendix
8) and Integral Fortran (Appendix 9). Eqcalcu Fortran was used for calculating the
equilibrium cluster distribution and f;, g; and s at different temperatures. Integral Fortran
was used to simulate cluster formation, stabilization and dissociation processes as the

temperature was changing behind the shock. In order to get higher accuracy, double
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precision was used in both computer programs. Both programs were debugged with

WATFOR-77 and the results were checked by manual calculations.

The flow chart of the computer program Eqcalcu Fortran is shown in Fig. 4.4.1. First the
initial conditions such as the temperature, the degree of supersaturation, and the
equilibrium condition were read in. Subroutine Splifit was called to build up the database.
Then, the initial cluster distribution was calculated by calling the Yzero routine in which
the coefficients of the y; polynomial equation were calculated. The Therm routine was
called to calculate x;. y, at the initial condition was calculated by solving the polynomial
equation with the IMSL routine DZPORC. Then y, was partitioned, and the other
clusters’ mole fractions were calculated, and renormalized. Next we calculated the
equilibrium distribution at the post shock temperature. In subroutine Solve the set of
simultaneous polynomial equations was solved to get yp and y,. The flow chart for this
part of EQCALCU is shown in figure 4.4.2. Before entering a loop a trial value of y, was
chosen . Then, in the loop the coefficients of the two simultaneous polynomial equations
were calculated. In this calculation subroutine Thermo was called (o calculate the vatue
of x;. After this the IMSL routine DZPORC was called to solve each polynomial. Two
values of y, were obtained, called y, and y,,. After comparing them , y, was decreased
or increased depending on whether the value of y,-y,; was positive or negative. This
procedure was repeated until the value of |y,-y,,| was less than 10, Using the values

of y, and y,, the cluster distribution was calculated by calling the subroutine Distri. Then

g; and s could be calculated.
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Fig. 4.4.1 The flow chart of computer program Egcalcu

Fortran

INPUT

SPLINE FIT
DATA BASE
CALCULATE
X(1i)
CALCULATE
INITIAL
Y (i)
SOLVE
POLYNOMIAL
EQUATION
CALCULATE
CALCULATE X(1)
COEFFI-
CIENTS of
two poly-
equgtions SOLVE
POLYNOMIALL POLYNOMTIAL
POLYNCMIAL2Z EQUATIONS
y{1),Y(2}
CALCULATE CALCULATE
CLUSTER’
DISTRIBU- AH,AG,X(I)
TION
WRITE
CALCULATE OUTPUT
gl{i),s
|
END
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Initial Y

Calculate coefficients of [ | Calculate
two polynomial equationf X(1)
9 h
Call DZPORC Call DZPORC
get root Y, get root Y,,
2<0 v . Z>0
< Z=Y, - Y, >
decrease Y, increase Y,
12| =1.0¢ °

Fig. 4.4.2 The flow chart of subroutine SOLV for solving the
two simultaneous polynomial equations in EQCALCU FORTRAN

>

go to next step
calculate distribution
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INPUT INITIAL CONDITION
T1,P1, A,B
)

I

Spline fit
Thermodynamic data
equilibrium  Y(i)

Calculate
X(i)

Calculate

initial  Y(i)

tedt

DIVPAG integrating
ODEs
Y({i) and| T

Solve
Polynomial
Equations

Call FCN

dy(i)/dt dT/dt

Y(i)

at t+dt

Calculate Observable

Write t, Y(i), T and
Observable

Calculate
H(i,Cp(l) at T

Calculate
kg(i), k (i} at T

Interpolate
g(i), (i), s at T

END

Fig. 4.4.3 The flowchart of
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The flow chart of Integral Fortran is shown in fig 4.4.3. The input data for this program
are the post shock temperature, T,, the initial temperature, T,, the supersaturation ratio,
S, the tolerance for controlling the local error of the integration subroutine, Divpag,
(about 1.0x10°'2), the parameters for calculating k? and k{, and the values of k§ , and k3.
The initial fractional cluster population was provided by subroutine Yzcro. The data base
for this program included the thermodynamic data for CCL,F and f, g_and s. After the
initial distribution was calculated at t’=0 the IMSL routine Divpag was used 1o solve the
initial value system of differential equations. The parameter METH in Divpag was sct to
2 in order to use Gear’s method. The rate of change of all y, were evaluated in
subroutine FCN in which first the values of f, g and s at temperature T were
interpolated by calling the cubic spline subroutine Parafg. Then the subroutine Parakf
was called to calculate the rate coefficients, k and k{ at temperature T. The heat
capacity, C, , , and enthalpy, H, , were calculated by calling the subroutine DTdt. At
each integration step a new temperature was obtained permitting all of the parameters Lo

be recalculated at the new temperature. The result was output at the desired time points.

4.5 Result

The equilibrium cluster distributions are shown in fig 4.5.1, 4.5.2 and 4.5.3 as a function
of temperature for supersaturation degree 0.7, 1.0 and 1.5 respectively, These were

calculated by solving the polynomial equations, discussed in section 4.2.4, using compuler
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program EQCALCU FORTRAN (see appendix8 ). In these graphs three points are worthy
of note. First, as the temperature increases the mole fraction of the monomer (both
vibrationally relaxed and unrelaxed ) decreases, while the mole fractions of the clusters
increase when the degree of supersaturation is constant. Although this may scem counter
intuitive, the favouring of clusters has less to do with the increasing temperature than with
the increasing pressure which occurs simultaneously in a shock compression. Second, the
mole fraction of the vibrationally relaxed monomer has the largest value. This can be
understood by realizing that CCLF vapour has a large enthalpy. Only a small fraction of
this enthalpy originates from the zero-point energy of the vibrational mode (socalled
unrelaxed monomers). Our method of partitioning monomers into two sorts (unrelaxed
and relaxed) naturally ascribes the largest fraction to relaxed monomers. Third, as
supersaturation increases the mole fractions of clusters increase and the mole fraction of
monomers decreases. This is expected because the free energy of cluster formation is a
decreasing function of supersaturation. For a degree of supersaturation of 1.5 the mole
fraction of dimer is larger than that for monomer. However, for a degree of
supersaturation of 0.7 the mole fraction of dimer is larger than that for monomer only

when temperature is higher than 326 K.

The negligible mole fractions for tetramers and penta-mers justifies the truncation of our
model at N=5. Figs 4.5.4 10 4.5.15 show the results of the simulation. Fig. 4.5.4 shows
the observable which is proportional to dp/dy as we discussed in Section 4.2.3. Fig. 4.5.5

shows the temperature as a function of time. Fig. 4.5.6 to 4.5.15 show the time
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Fig. 4.5.4 -1/TdT/dt' vs U. The parameters used in the integration are given in Table 4.5.1.
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T/K
5

Fig. 4.5.5 Temperature vs . The parameters used in the integration are given in Table 4.5.1.
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Fig. 4.5.6 y(!} vs U. The paramelers used in the integration are given in Table 4.5.1.
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Fig. 4.5.7 y(2) vs t'. The paramelers used in the integration are given in Table 4.5.1,
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Fig. 4.58 y(3) vs t’. The parameters used in the integration are given in Table 4.5.1.
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Fig. 4.5.9 y(4) vs . The parameters used in the integration are given in Table 4.5.1.
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Fig. 4.5.10 y(5) vs t. The parameters used in the integration are given in Table 4.5.1.
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Fig. 4.5.11 y*(1)} vs t’. The parameters used in the integration are given in Table 4.5.1.
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Fig. 4.5.12 y*(2) vs t". The parameters used in the integration are given in Table 4.5.1.
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Fig. 4.5.13 y*(3) vs t". The parameters used in the inlegration are given in Table 4.5.1.
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Fig. 4.5.14 y*(4) vs t". The paramelers used in the integration are given in Table 4.5.1.
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Fig. 4.5.15 y*(5) vs t. The parameters used in the integration are given in Table 4.5.1.
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dependence of cluster mole fractions.

The parameters which we used in this calculation are given in table 4.5.1. S is the degree
of supersaturation, T is the integration temperature, A and B are the exponential scaling
factors for stabilization and formation of clusters respectively, which together with the
activation energies, E,, and E,. and the pre-exponential factors, {_clkg‘c and kg_clkic. define

the cluster formation and stabilization rate constants.

Table 4.5.1 The parameters used for integration showed in Figs 4.5.4 to 4.5.15.

s |mKk |[A |B |kl [k |E E, Ty/K
3

fkJ/mol | /kJ/mol
2.0 350.15 15 5 3546 1000 7100 7500 291.2

The observable is a steeply decaying positive signal followed by a negative signal, as we
observed in the experimental schlicren signals. At beginning the temperature drops from
350 K to 338.5 K in the first 3.6x10" dimensionless time units and then rises to 351.8
K. The temperature drop is caused by the vibrational relaxation of the monomer as can
be seen in figs 4.5.6 and 4.5.11. During the same time period that the temperature drops
the concentration of vibrationally relaxed monomer increases by 0.0386 C,, in which C,
is the initial total concentration of clusters and monomers. While the unrelaxed monomer

concentration decreases by 0.0435 C_ there are 0.0049 C, vibrationally relaxed
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monomers which form clusters. The overshoot is caused by a relatively larger rate of
vibrational relaxation than that of cluster formation. When we decrease the relaxation rate
constant, kj, either by decrcasing k} . from 3541 to 3.541 or by increasing E, from 7100
to 71000, this overshoot disappears. In that case the temperature increasces monotonically.
For times larger than 3.9x1073, the net result is the formation of clusters. Both relaxed and
unrelaxed monomer mole fractions are decrease, while those for n-mers increase. This is
an exothermic process, so the temperature increases. The overshoot for excited dimers
depends on the value of k3. We increased k3 from 1000.0 to 1500, and the overshoot for
excited dimers decreased. A decrease in k had a similar effect. The overshoot for
tetramers and pentamers could be removed by choosing negative B. That means that the
rate constant for the formation of pentamers is smaller than that for tctramers, which is
in turn smaller than that for trimer, which is then smaller than that for dimer. For the

most part, though we kept B positive.

The depth of the well in the observable is controlled by the process of cluster formation.
A decrease in supersaturation results in a decrease of the depth of the well. Asky
increases so too does the depth of weli. Similarly parameters A and B magnify the
exothermicity. However, an increase in E, decreases the depth of the well because it
means a slower stabilization. kj. has no effect on the depth of the well, since k; deals

with the prior vibrational relaxation of monomers.

Fig 4.5.16 shows an example of a simulation of the experimental signal. As a first
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approximation we calculate the envelope of the experimental schlieren signal. By
adjusting the different parameters, such as A, B, E;, E, ki, and k3 ., the best fitting
envelope can be obtained. There may be more than one set of these parameters which can.
give the best envelope. We need other independent methods to determine them. However,
at present no other reliable methods exist. Therefore, the method we used in the following
description does not guarantee that the rate constants of formation and stabilization are
correct. The best fit envelope was obtained by first choosirig the different parameters to
make the simulated observable (in real time units) of the match the experimental signal
(in particle time) approximately. Second, we change one of the parameters at a time by
a small amount, make a plot, and measure the changes in ,, the point in time at which
the simulation curve first goes negative, in t,, the point in time at which the signal
reaches a minimum, in V,.» the depth of the well, in S, the slope of curve at time {, and
in S,, the slope of the curve after passing the minimum point. When we change A by AA
we get a new simulation curve from which we can calculate the linear sensitivity factors
(At JAA), (At JAA), (AV_/AA), (ASJAA) and (At,/AA) keeping the other parameters
constant. In the same way changing B by AB and leads to (At/AB), (At /AB), (AV,/AB),
(AS/AB) and (AS,/AB). The same procedure applies to the other parameters. Third, we

can construct the cumulative effect, e.g.

& & o,
At,=—2AA+—2AB+——— —A(kiJk])
a4 ackl,lkz» ’

Ay Jf ) +—2— %o A¢
a('a,lla 8kl )
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We obtain similar equations for At,,, AV, AS  and AS;:

At o At o Ato s S
At = AA+ AB+ Atk Jk )
AA AB Ak sz‘)

A( )+ °A()
bk, 20 ko

A(sz"z)

At At
At = "‘AA+ "'AB B Ak
VY v sz,) 1lk2)

At,
Ak Jky ) +———— "‘ Al )
A(wc{ tidk AGL) b

AV AV AV
AVM= A_;AA+ mAB"‘ n A(likz‘)

A(kx.sz.-)

AV,
INCA AL Ay
A(ka,.’kz,) g AL o

_A.S',J ASO ASO st
ASO_ AA + AB+ /\(k1 ;Ikz 'g)
A A(kfﬂ‘z )

Ay k], )+
A("z Jk{ Ak

°_Atkf)
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AS,  AS, AS,
A8, = M e AB——A(k, *Jkd)

AB AT
AS, ;. AS,
*——A(’c 2k >+—fA<kz,
Ay Sk Atk

These 5 linear equations include five unknowns. They can be solved easily. We
determine At,, At_, AV, AS, and AS,, by comparing the simulation curve obtained in the
first step with the experimental signal. For experiment No. 74 these values arc given in
Table 4.5.2. The sensitivity factor in the above equations obtained in the second step for

the same experiment are given in table 4.5.3.

Table 4.5.2
Observed differences from simulated curve when A=7.5, B=1.0, k} /k§ =0.1431,

3 Jk§ =0.130, E;=9800 J/mol, E,=0.9800 J/mol, and kf ,=6810.00 Li(mol s)

At, At, AV, AS, AS, “

2.0 2.3 0.5%10°5 9.05x10° 2.03x10° “

Fourth, solving this set of equations we obtain the group of parameters x; = AA, AB,
{.,,Ik-ie. Aki‘_jlcg'l= and Ak{‘c. Fifth, we change the simulation parameters used in step
one and recalculate the simulation curve. In the last step, we compare with the

experimental signal again, if the agreement is not satisfactory we repeat the above

procedure.
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Table 4.5.3

The scnsitivity factors a;; for b; = Aty, At,, AV, AS,, and AS, in b=q;X); +3; X1 + ;3

X31 4 Xq1+dis X

i &5 8 a3 54 a5

1 -6.333 -0.5 -50 -50 1.235x107
2 -3.333 -5.5 | -100.0 -75.0 1.235x10°3
3 1.566x10% | -1.3x10° | 9.0x10% -1.10x107% | 6.173x10°?°
4 4.02x10° | -17x10% | -7.69x10* | -6.01x10° | 8.08x10°?
5 1.832x107 | 7.23x107 | 6.54 3.765x10° | -7.22x10™!

The results obtained for experiment 74 are given in Table 4.5.4.

In this simulation there is no oscillatory signal appeared even though all of the ingredients
are present for nonlinear kinetics. Therefore simple thermal feedback to the rate
coefficients was insufficient for any combination of parameters to lead to instability. The
one "parameter” which we have not yet considered is the choice of initial concentrations
and the associated temperature dependence. To some extent we are not free to choose
equilibrium conditions, because we are constrained by our model and by thermodynamics.
On the other hand, our model is weakest in its treatment of excited species (monomers
are artificially divided into 2 species only —— unrelaxed and relaxed; —— whereas

excited n-mers are treated as rotating double stars). Our consequence of this is figs. 4.5.1
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Fig. 4.5.16 Comparision of the simulation signal with experimental signal for experiment No, 74,
The broken line is the computer simulation; the solid line is the signal of experiment No. 74. The
experimental conditions are T,=293.3 K, P,=412.1 torr, u,=174.2 m/s, T,=309.6 K and P,=663.4

torr. The simulation parameters are ki.=6810 L/(mol s), E,=9800 J/mol, E,=9.8 J/mol, A=17.5,
B=1.0, ki/ k;,=0.1341 and k¥ k£ = 0.1300.
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to 4.5.3, where y° decrease with T while y5 increases with T. Close examination reveals
interesting behaviour: If there are too few dimers to start, condensation results leading to
heat release and a temperature increase. Figs 4.5.1 to 4.5.3 show that yj also increases
as a consequence, so that y, always lags behind y3. Similarly, even if there are too many
dimers to start monotonic behaviour results. In that case evaporation leads to a
temperature drop, so that the initially low y5 become even lower, and y, could
undershoot/ overshoot y5 depending on the value of the appropriate rate constants. As
a test of this concept we ignored Figs 4.5.1-4.5.3 and chose an arbitrary ¢quilibrium
cluster distribution for which y§ decrease with T. The distribution is shown in Table
4.5.5. Using this data we simulated an experiment shown in fig. 4.5.17. Without having
to adjust parameters much we could obtain a signal containing 3 oscillations. This proves
that the origin of the instability lies in thermal feedback to equilibrium cluster

distributions rather than to rate coefficients.

Table 4.5.4 Parameters used in computer simulation of experiment No.74.

ke E, E, A A 1Kl e
Lmolls?! | ¥/mol J/mol
6810 9800 0.98 7.5124 1.0006
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Table 4.5.5 Modified equilibrium cluster distributions.
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300 K 350 K 400 K

Yy 0.1763 0.1786 0.1561

Y2 0.1763 0.0510 0.0184

Y5 0.04406 0.1276x10" 4.596x10° l
Y4 0.03085 0.8929x102 3.213x10° |
¥s 0.1322x10™ 0.3827x102 1.377x10°3 "
" 0.5587 0.7746 0.8163

Y2 1.904x10% 6.735x10°3 2.791x10°%

Y3 3.023x10°* 1.276x10"* 5.967x10°° ‘
Y, 1.036x10™ 4.885x10° 2462x105 |
vs 2.750x10°3 1.393x10 7.381x10°° l




CHAPTER 5

SUMMARY AND CONCLUSION

Classical nucleation theory assumes that a cluster is a spherical object with the
characteristics of a liquid. The macroscopic properties of a liquid are used in calculating
the rate of nucleation and the equilibrium cluster distribution. Therefore, this theory is
only good for large clusters. Experimental studies of nucleation are also limited by the
inability of the light scattering method used to detect clusters before they grow to
macroscopic size ( about 20 pm). There is also a gap between the theory and reality. —
namely how do vapour molecules form into small clusters? In this dissertation the rate
of formation of small clusters has been studied using the shock tube method and computer

simulation. From this study the following conclusions can be drawn.

1. By detailed examination of both the experimezital signals obtained from: differcnt
shock tubes, and from different experimental conditions we verified that the oscillatory
signal is the result of a process which occurs in the shock wave. Then by examining the
schlieren signal obtained from carefully chosen gases, such as argon, methane, carbon
tetrachloride, sulphur hexafluoride and Freon-11, and by comparing the thermodynamic
properties of these gases, such as second viral coefficients, B, dB/dT, the Van der Waals’
empirical constant, a, critical temperature, and the heat of vaporization, and by checking
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the mass spectrum of Freon-11 before and after shock wave passage, we conclude that
oscillatory signals only happened when the vapour was at a temperature below its critical
temperature, and when the vapour has a large B and dB/dT. It is the result of a
competition between vibrational relaxation (endothermic) and cluster formation
(exothermic). The mechanism is given as follows: When the shock wave arrives the
translational energy of the molecule increases suddenly and dramatically. Originally
existing clusters are dissociated. After that, rotational and vibrational relaxation processes
take place first. This causes a temperature drop, and cluster formation starts. Heat is
released and temperature increases. The energy is fed back and affects the rate constants
angi the equilibrium cluster distribution. Concurrently monomer and clusters are
;
undergoing vibrational relaxation. Repetitive overshoots and undershoots are related to the

inability of the competing processes to stay in phase. The temperature changes cause a

density change along the shock axis, which shows up as an oscillatory schlieren signal.

2. By measuring the characteristic time in the schlieren signal the activation energy,

E,, of the net process could be determined. We found E, = -25 kJ/mol.

3. For small cluster formation in our subsaturated system, P,t, increases with
temperature and decreases with (P,,,-P,). This is different from the dependence of
incubation time on temperature and pressure in saturated vapours given by the classic

nucleation theory for the formation of critical clusters.
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4. Using the Fourier transform technique, it was found that although the overall shape
of the oscillatory schlieren signals varied as the experimental conditions changed, there
were some common features. All of these oscillatory signals started as biperiodic ones,
degenerating to chaotic signals. Dominant frequencies changed with time. The amplitudes
of the high frequency components increased with time. The experimental signals show
that the formation of small clusters in shock waves is a nonlinear kinctic process which

satisfies the requirements of a thermokinetic oscillator.

5. A mathematical model for cluster formation and vibrational relaxation was built
on the basis of thermodynamics and nonlinear kinetics. Using this model the envelope of
the schlieren signal could be simulated. It is confirmed by simulation that cluster
formation processes are responsible for the negative schlieren signals. Furthermore, the
model can give rise to the oscillatory signals if we assume that the cluster distribution is
far away from equilibrium distribution and if the equilibrium cluster mole fractions

decrease with increasing temperature.

6. From the above conclusions we can conclude that the shock tube coupled with the
schlieren technique iogether with computer simulation is a useful method for studying the

formation of small clusters.

Future work
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1. Most of the experiments in CCI;F which we have performed are with high initial
pressures and with weak shock waves (Mzch numbers were less thau 2). It is under these
conditions thax oscillatory signals were observed. For low initial pressures and relatively
high shock speeds the oscillation appeared after the signal became negative. We only
performed one experiment with CCl, at an initial pressure close to its vapour pressure
with much higher shock wave (Mach number was larger than 4). QOscillation was
observed. The vapour pressure of CCl, is much lower than that of CCLF at the same
temperature. It is only 89.55 mm Hg at 20°C for CCl, while it is 666.83 mm Hg for
CCLF. Some experiments should be performed for CCl, close to its vapour pressure
using a wéak shock wave (making the Mach number less than 2), and for CCL;F at its
vapour pressure using a strong shock wave (letting the Mach number be larger than 5).
Additional experiménts should also be performed with other refrigerant gases, with a
variety of diluents, and with various degrees of dilution in order to study the effects of

varying the thermal feedback.

2. Our numerical model suffers from a lack of knowledge of the rate constants for
cluster formation, evaporation and stabilization, and from insufficient knowledge of the
equilibrium distribution. Advances in molecular dynamics would allow us to determine
some of thése rate constants and would allow us to pin down the others using our
experiments.

3. Spectroscopy of jet-cooled clusters would identify speciral features which we could

exploit for distinguishing between different size clusters.
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Appendix 1. Table of Shock Wave Parameters

In the following table the initial pressure (P ;) and the pressure behind the shock front
(P ,) are given in mm Hg. The initial temperature (T ;;;) and the temperature behind the
shock front (T,) are given in K. The shock wave velocity (u) is in mm per micro-second.

x is the ratio of pre-shock to post shock densities.

No. P . T jny. P, Ty x u

3 556.3 294.0 2003.7 348.5 0.3185 0.2571
7 551.2 293.2 961.5 312.8 0.6044 0.1804

8 551.0 293.2 948.7 312.3 0.6116 0.1793
10 405.4 284.0 834.9 319.7 0.5221 0.1966
15 303.7 292.0 1570.4 370.3 0.2401 0.3088
16 305.0 292.2 593.7 315.0 0.5496 0.1913
17 305.3 293.2 616.7 317.7 0.5322 0.1952
18 207.9 293.3 573 .4 331.1 0.4066 0.2277
20 109.3 293.2 339.0 342.5 0.3776 0.2427
21 59.8 292.0 701.6 453.4 0.1332 0.4641
25 26.2 293.0 114.3 358.5 0.2783 0.2889
26 79.7 2893.2 149.2 316.0 0.5767 0.1901
27 153.5 282.0 254 .4 308.6 0.6363 0.1779
28 221.5 292.2 278.7 299.5 0.8131 0.1555
29 3n6.8 292.2 563.6 312.7 0.5786 0.1860
30 505.4 294.5 755.6 308.2 0.6949 0.1681
31 30.0 295.2 95.4 339.8 0.3707 0.2435
32 33.5 295.2 91.6 332.5 0.4167 0.2285
33 98.1 295.2 216.0 328.6 0.5071 0.2071
34 117.3 295.2 200.4 318.3 0.6317 0.1842
36 408.2 284.5 589.4 306.5 0.7170 0.1656
37 607.0 295.2 715.8 300.6 0.8606 0.1485
38 672.8 295.2 734 .4 298.1 0.9233 0.1439
39 682.7 295.2 1159.3 313.6 0.6170 0.1777
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No. P .. T . P, T, b4 u
40 631.0 294.2 930.3 307.5 0.7026 0.le6l
51 690.5 294.3 1201.5 313.6 0.6033 0.1794
52 692.5 295.3 801.3 300.2 0.8756 0.1479
53 617.5 295.8 751.4 302.3 0.8364 0.1519
54 747.0 296.8 838.2 300.7 0.9004 0.1459
55 664.7 294.3 804.5 300.7 0.8405 0.1510
56 697.C 295.1 797.0 299.6 0.8850 0.1470
58 633.4 295.3 785.8 302.5 0.8219 0.1532
59 664.0 293.8 801.5 300.1 0.8425 0.1506
60 660.6 293.5 802.3 300.0 0.8379 0.1510
61 703.1 294.8 808.6 299.5 0.8804 0.1473
63 668.8 293.5 807.2 299.8 0.8426 0.1505
64 697.9 294.1 875.9 301.8 0.8131 0.1534
65 672.8 294.3 1177.1 313.8 0.6006 0.1800
66 688.6 295.1 871.6 303.1 0.806% 0.1544
67 704.6 295.3 952.0 305.6 0.7602 0.1592
68 656.6 293.3 509.6 304.4 0.7434 0.1608
69 634.0 292.8 882.1 304.0 0.7405 0.16l1
70 658.6 292.8 933.3 304.7 0.7281 0.le24
71 646.8 293.3 869.1 303.3 0.7643 0.1585
72 662.6 293.3 869.6 302.5 0.7808 0.1567
73 662.6 293.0 915.2 304.0 0.7453 0.1605
74 412.1 293.0 663.4 309.0 0.6503 0.1742
75 637.1 292.0 889.1 303.3 0.7384 0.16ll
76 628.6 292.5 875.1 303.7 0.7402 0.16l1
77 622.8 293.1 828.9 302.7 0.7710 0.1578
78 642.9 293.0 901.5 304.5 0.7353 0.1s617
79 618.5 293.0 795.8 301.4 0.7950 0.1553



No. P ini. T ini. |38 T X u

80 649.0 292.8 775.2 298.7 0.8507 0.1497
81l 631.2 292.3 851.8 302.4 0.7613 0.1586
82 642.3 292.1 774 .4 298.3 0.8434 0.1502
83 633.0 293.0 827.6 302.0 0.7836 0.15064
84 672.6 293.8 1131.5 311.8 0.6224 0.1765
85 630.8 2682.3 846.5 302.2 0.7652 0.1582
86 625.4 292.8 702.8 296.6 0.8991 0.1454
87 638.3 292.8 1040.6 309.7 0.6411 0.1738
88 632.8 293.0 1129.7 313.2 0.5901 0.1816
89 616.7 291.8 1108.1 312.2 0.5869 0.1819
90 627.2 282.3 875.8 303.6 0.7381 0.1613
91 631.2 292.8 754 .7 298.7 0.8499 0.1498
92 564.2 293.2 1056.3 315.5 0.5668 0.1865
93 586.4 291.5 984 .4 309.6 0.6252 0.1763
94 590.4° 292.8 1044.9 312.9 0.5959 0.1812
95 620.4 293.3 876.0 305.0 0.7307 0.1625
96 503.2 293.2 624.0 300.4 0.8231 0.1534
97 595.6 293.2 760.2 301.2 0.8062 0.1545
98 653.0 293.2 1110.8 311.6 0.6163 0.1774
99 616.4 293.2 716.1 298.1 0.8723 0.1478
100 562.7 293.3 775.3 304.2 0.7479 0.1lel0
101 586.7 293.3 833.1 305.3 0.7276 0.1632
102 576.1 293.5 1073.5 315.6 0.56%90 0.1861
104 572.1 293 .8 849.0 307.4 0.6992 0.1670
105 510.2 293.8 773.3 308.0 0.6863 0.1690
106 564.0 294.0 702.3 301.4 0.8198 0.1536
107 616.2 293.2 1114.9 312.7 0.6001 0.1801
108 609.5 293.2 1058.0 312.4 0.6059 0.1794
108 603.5 293.4 1022.1 311.7 0.6197 0.1775%
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No P ... T P, T, x u
111 602.2 293.2 812.0 303.2 0.7619 0.1590
112 600.0 293.7 1081.3 314.3 0.5857 0.1829
113 633.2 293.7 1186.2 315.8 0.5650 0.1861
114 5684.1 293.7 1178.3 318.2 0.5374 0.1917
115 643.3 293.8 1222.9 316.5 0.5574 0.1874
116 649.2 254.0 1378.0 321.3 0.5046 0.1978
117 623.2 294.2 1396.0 323.8 0.4812 0.2033
118 657.2 294.0 1439.2 322.7 0.4906 0.2008
118 682.8 294.2 1283.1 316.5 0.5627 0.1863
120 637.6 293.2 1418.6 322.5 0.4839 0.2022
122 537.0 294.2 1229.8 324.8 0.4734 0.2062
123 441.8 292.8 1103.2 331.5 0.4128 0.2308
124 399.0 294.2 1174 .8 336.4 0.3814 0.2342
125 338.5 294.2 1102.7 341.7 0.3508 0.2465
126 472.5 293.6 1111.5 325.2 0.4631 0.2091
127 559.8 293.7 1336.7 326.2 0.4558 0.2101
147 606.5 293.2 2269.4 349.8 0.3070 0.2611
148 607.0 294 .4 2238.6 350.2 0.3108 0.2598
148 606.5 294.7 741.6 302.8 0.7588 0.1598
150 424.8 294.0 4135.8 447.8 0.1518 0.4236
151 666.7 285.0 687.5 296.0 0.9724 0.1399
152 500.7 294 .7 678.4 304.9 0.7596 0.1604
153 700.8 295.1 702.9 295.2 0.9973 0.1382
154 590.8 2594.0 627.2 - 296.1 0.9476 0.1427
155 678.3 294.2 714.3 295.% 0.9540 0.1411
156 434.6 295.0 2418.3 380.7 0.2246 0.3207
158 514.6 294.4 599.7 299.6 0.8710 0.1494
159 662.0 293.6 669.2 294.0 0.9903 0.1383
160 482.5 293.7 552.8 298.0 0.8837 0.1476
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No.

inj. ini. 2 T, X u
161 679.0 293.6 679.4 293.7 0.9995 0.1374
162 375.0 294.7 425.5 298.8 0.8921 0.1478
163 696.5 295.8 746.8 298.1 0.9384 0.1427
164 502.0 293.8 618.2 300.8 0.8283 0.1531
165 692.5 295.5 8956.7 306.6 0.7451 0.1611
166 398.5 293.2 721.6 313.6 0.5854 0.1845
167 710.5 295.7 928.4 304.8 0.7837 0.1568
168 309.5 295.0 604.7 318.3 0.5482 0.1926
158 153.0 295.2 413.9 332.2 0.4150 0.2266
170 111.8 295.7 144.1 308.5 0.8091 0.1640
171 510.5 293.6 700.0 304.2 0.7514 0.1610
172 24%.7 295.7 336.1 305.3 0.7652 0.1614
173 508.7 292.5 767.5 306.5 0.6892 0.1682
174 118.0 292.7 376.2 342.8 0.3678 0.2456
175 126.4 293.2 402 .7 342.3 0.3666 0.2455
221 54.8 293.0 382.1 381.0 0.1881 0.3577
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Appendix 3 Thermodynamic Data for Freon-11

The thermodynamic data of saturated trichloromonofluoromethane. The specific volume (V) in
m/kg, enthalpy (AH) in kl/kg, entropy (S) in kJ/(kg K) of both vapour (g) and liquid (I) heat
of vaorization (AH,,;)) and the vapour pressure (P) in bar, as a function of temperature (T) in

degree celsius.

vx10®

Vv

AH,

m Oy R N O

10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
42

0.4030
0.4388
0.4771
0.5181
0.5617
0.6083
0.6579
0.7106
0.7666
0.8261
0.8891
0.9558
1.026
1.101
1.180
1.263
1.350
1.442
1.539
1.641
1.748
1.860

0.6517
0.6536
0.6556
0.6576
0.6596
0.6616
0.6637
0.6657
0.6678
0.6700
0.6721
0.6743
0.6765
0.6787
0.680¢%
0.6832
0.6855
0.6878
0.6901
0.6925
0.6948
0.6973

0.4037
0.3730
0.4351
0.3197
0.2966
0.2755
0.2561
0.2384
0.2222
0.2073
0.1936
0.1810
0.1964
0.1587
0.1488
0.1397
0.1312
0.1233
0.116l
0.1083
0.1030
0.09719

500.
501.
503.
505.
507.
508.
510
512
514.
515.
517
519
521
522
524,
526.
528.
530.
531.
533
535.
537
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00
75
50
26
02
77

.54
.30

07
84

.61
.39
.17
.95

73
52
31
10
9

.70

50

31

690.34
691.38
692.43
693.47
694.52
£95.56
696.61
697.65
698.70
699.74
700.78
701.82
702.86
703.90
704.93
705.97
707.00
708.03
709.05
710.08
711.10
712.12

190.
.63
.93

189
188

188.
.50
186.
186.
.35
184.
.90
.17
.43
181.
180.
180.
.45

187

185

183

183
182

17¢%

178.
177.
177.
176.
175.
174.

34

22

79
07

63

69
95
20

69
93
16
38
60
81l

1.0000
1.0064
1.0127
1.01%90
1.0253
1,0315
1.0377
1,0438
1.0438
1.0560
1.0621
1.0681
1.0741
1.0800
1.0859
1.09818
1.0977
1.1035
1.1083
1.1151
1.1208
1.1266

1.56968
1.6956
1.6944
1.6944
1.6922
1.6912
1.6902
1.6893
1.6885
1.6871
1.6869
1.6862
1.6855
1.6849
1.6843
1.6838
1.6833
1.6828
1.6824
1.6820
1.6816
1.6812



P vx10° \A AH, AH, AH,,, S, S

44 1.978 0.6998 0.09174 539.12 713.13 174.01 1.1323 1.6809

46 2.102 0.7023 0.08667 540.93 714.14 173.21 1.1380 1.6806

48 2.231 0.7048 0.08194 542.75 715.15 172.40 1.1436 1.6804

50 2.366 0.7073 0.07752 544.57 716.15 171.58 1.1492 1.6802

52 2.508 0.7099 0.07338 546.40 717.15 170.75 1.1548 1.6799

54 2.655 0.7125 0.06952 548.23 718.15 169.91 1.1604 1.6797

56 2.810 0.7151 0.06590 550.07 719.14 169.07 1.1659 1.6796

58 2.971 0.7178 0.06251 551.91 720.12 168.21 1.1715 1.6794

60 3.138 0.7205 0.05932 553.76 721.11 167.35 1.1770 1.6793

70 4.088 0.7346 0.04608 563.06 725.93 162.87 1.2042 1.6788

80 5.240 0.7497 0.03626 572.52 730.61 158.09 1.2310 1.6787

90 6.6190 0.7660 0.02884 582.13 735.10 152.97 1.2574 1.6787

100 8.253 0.7838 0.02315 591.93 739.39 147.46 1.2835 1.6786
110 10.168 0.8034 0.01872 601.93 743.43 141.50 1.3092 1.6785
120 12.393 0.8252 0.01523 612.16 747.19 135.03 1.3346 1.6780
130 14.959 0.8499 0.01242 622.63 750.60 127.97 1.3596 1.6771
140 17.896 0.8785 0.01014 633.38 753.60 120.22 1.3843 1.6733
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Appendix 4 Comparision of Calculated Thermodynamic Data with Reference Data

Comparison of calculated enthalpy and pressure from the fitted equation with the data
from reference 108. In the table enthalpy (H) is units of kI/kg, pressure (P} is in mm
Hg, temperature (T) is in degree celsius, the specific volume (V) of gas is in m¥/kg, and

error is the percentage difference between calculated and reference data. Subscripts ¢ and

r means calculated and reference values respectively.

T A H, H, Error P, Error
75.0 mm Hg
0.0 1.6470 6%90.87 690.86 0.0012 75.25 -0.3327
10.0 1.7080 696.42 696.42 -0.0006 74.65 0.4686
20.0 1.7690 702.06 702.07 -0.0011 74 .26 0.9909
30.0 1.8290 707.78 707.79 -0.0016 74.12 1.1796
40.0 1.8900 713.59 713.5%9 -0.0004 74.14 1.1453
50.0 1.9510 719.47 719.47 -0.0001 74.38 0.8317
60.0 2.0120 725.43 725.42 0.0008 74.82 0.2386
70.0 2.0730 731.46 731.45 0.0012 75.48 -0.6338
80.0 2.1330 737.55 737.55 -0.0001 77.79 -3.7264
80.0 2.1940 743.71 743.72 -0.0016 76.66 -2,2111
150.0 mm Hg
10.0 0.8507 696.25 696.17 0.0110 149.66 0.2260
20.0 0.8814 701.%0 701.88 0.0017 149.25 0.4973
30.0 0.9119 707.63 707.67 -0.0055 149.09 0.6082
40.0 0.9425 713.44 713.51 -0.0105 149.11 0.5923
50.0 0.9731 719.33 719.42 -0.0130 149.34 0.4383
60.0 1.0040 725.29 725.39 -0.0144 149.74 0.1756
70.0 1.0340 731.33 731.43 -0.0131 150.47 -0.3139
80.0 1.0650 737.43 737.52 -0.0118 152.69 -1.7939
80.0 1.0950 743.59 743.67 -0.0103 151.64 -1.0926
100.0 1.1260 749.82 749.87 -0.0071 150.82 -0.5493
110.0 1.1560 756.10 756.14 -0.0049 150.52 -0.3437
120.0 1.1870 762.44 762.46 -0.0020 150.45 -0.3013
130.0 1.2170 768.84 768.83 0.0015 150.57 -0.3791
140.0 1.2470 775.29 775.25 0.0045 150.52 -0.3468
150.0 1.2780 781.78 781.73 0.0059 150.36 -0.2427
160.0 1.3080 788.33 788.27 0.0082 150.34 -0.2250
170.0 1.3390 794.92 -794.85 0.0092 150.21 -0.139%4
180.0 1.3700 801.55 801.48 0.0088 150.10 -0.0639
150.0 1.4000 808.23 808.16 0.0085 150.10 -0.0685
200.0 1.4300 814.95 814.89 0.0071 150.12 -0.0820
210.0 1.4600 821.70 821.67 0.0036 150.15 -0.1015



T Vv H, H, Error P, Error
220.0 1.4910 828.50 828.50 0.0004 150.09 -0.0610
230.0 1.5210 835.33 835.37 -0.0048 150.14 -0.0960
240.0 1.5520 842.19 842.29 -0.0118 150.11 -0.0739
250.0 1.5820 849.09 849.25 -0.0193 150.19 -0.1247

300.0 mm Hg

10.0 0.4222 695.92 695.86 0.0088 299.68 0.1051
20.0 0.4377 701.58 701.59 -0.0010 299.26 0.2473
30.0 0.4532 707.33 707.38 -0.0072 299.03 0.3231
40.0 0.4686 713.15 713.24 -0.0125 299.07 0.3110
50.0 0.4841 719.05 719.16 -0.0154 = 299.24 0.2535
60.0 0.4995 725.02 725.14 -0.0170 299.67 0.1090
70.0 0.5149 731.07 731.19 -0.0158 300.31 -0.1021
80.0 0.5302 737.18 737.29 -0.0146 302.63 -0.8764
90.0 0.5456 743.35 743.45 -0.0132 301.51 -0.5048
100.0 0.5610 749.58 749.66 -0.0113 300.76 -0.2543
110.0 0.5763 755.88 755.9%94 -0.0076 300.43 -0.1423
120.0 0.5916 762.23 762.27 ~0.0046 300.45 -0.1512
130.0 0.6069 768.63 768.65 -0.0022 300.53 -0.1765
140.0 0.6222 775.09 775.08 0.0011 300.44 -0.1463
150.0 0.6376 781.59 781.57 0.0027 300.31 -0.1033
160.0 0.6528 788.14 788.11 0.0041 300.28 -0.0946
170.0 0.6681 794.74 794.70 0.0055 300.22 -0.0733
180.0 0.6834 801.38 801.34 0.0056 300.17 -0.0551
190.0 0.6987 808.06 808.02 0.0045 300.12 -0.0402
200.0 0.7140 814.78 8l4.76 0.0024 300.09 -0.0286
210.0 0.7292 821.55 821.54 0.0007 300.10 -0.0341
220.0 0.7445 828.34 828.38 -0.0043 300.09 -0.0280
230.0 0.7597 835.18 835.25 -0.0088 300.12 -0.0406
240.0 0.7750 842.05 842.18 -0.0151 300.13 -0.0423
250.0 0.7902 848.95 849.15 -0.0230 300.18 -0.0603
450.0 mm Hg
10.0 0.2794 695.58 695.51 0.0099 449.69 0.0691
20.0 0.2898 701.26 701.26 0.0001 449.30 0.1561
30.0 0.3003 707.02 707.07 -0.0073 448.94 0.2358
40.0 0.3107 712.85 712.95 ~0.0137 448 .92 0.2409
50.0 0.3211 718.77 718.89 -0.016l 449.08 0.2049
60.0 0.3314 724.75 724.88 -0.0186 449%.56 0.0974
70.0 0.3418 730.80 730.94 -0.0196 450.10 -0.0217
80.0 0.3521 736.92 737.06 -0.0190 452,40 -0.5338
0.0 0.3624 743.11 743.23 -0.0168 451.38 -0.3059
100.0 0.3727 749.35 749.46 -0.0153 450.69 -0.1538
110.0 0.3830 755.65 755.75 -0.0133 450.35 -0.0782
120.0 0.3933 762.01 762.09 -0.0105 450.36 -0.0795
130.0 0.4036 768.42 768.48 -0.0083 450.41 -0.0908
140.0 0.4139 774.88 774.93 -0.0063 450.29 -0.0640
150.0 0.4241 781.40 781.43 -0.0033 450.28 -0.0617



T, \Y% H, H_ Error P, Error
160.0 0.4344 787.95 787.97 -0.0030 450.17 -0.0368
170.0 0.4446 794.56 794.57 -0.0014 450.16 -0.0357
180.0 0.4548 801.20 801.22 -0.0023 450.16 -0.0351
190.0 0.4651 807.89 807.91 -0.0029 450 06 -0.0138
200.0 0.4753 814.62 814.66 -0.0045 450.07 -0.0152
210.0 0.4855 821.39 821.45 -0.0069 450.08 -0.0175
220.0 0.4957 828.19 828.28 -0.0113 450.09 -0.0208
230.0 0.5059 835.03 835.17 -0.0163 450.11 -0.0253
240.0 0.5161 841.90 842.09 -0.0230 450.14 -0.0311
250.0 0.5263 848.81 849.07 -0.0301 450.17 -0.0383

600.0 mm Hg

20.0 0.2159 700.93- 700.81 0.0166 599.24 0.1272
30.0 0.2238 706.70 706.65 0.0070 598.94 0.1762
40.0 0.2317 712.585 712.55 0.0000 598.82 0.1974
50.0 0.2395 718.48 718.51 -0.0041 599.10 0.14984
60.0 0.2474 724.48 724.53 -0.0066 599.31 0.1144
70.0 0.2552 730.54 730.60 ~-0.0088 589.93 0.0115
80.0 0.2630 736.67 736.74 -0.0092 602.19 -0.3653
90.0 0.2708 742.86 742.93 -0.0090 601.20 -0.1995
100.0 0.2786 7T749.12 749.17 -0.0067 600.52 -0.0864
110.0 0.2864 755.43 755.47 -0.0049 600.16 -0.0267
120.0 0.2942 761.79 761.82 -0.0035 600.13 -0.0212
130.0 0.3019 768.21 768.22 -0.0011 600.33 -0.0547
140.0 0.3097 774.68 774.67 0.0012 600.15 -0.0252
150.0 0.3174 781.20 781.17 0.0035 600.16 -0.0270
160.0 0.3251 787.77 787.72 0.0058 500.17 -0.0278
170.0 0.3328 794.38 794.32 0.0071 600.17 -0.0277
180.0 0.3406 801.03 800.97 0.0073 599.99 0.0023
190.0 0.3483 807.72 807.67 0.0067 599.98 0.0030
200.0 0.3560 814.46 '814.41 0.0066 599 .98 0.0040
210.0 0.3637 821.23 821.19 0.0045 599.97 0.0052
220.0 0.3713 828.04 828.02 0.0019 600.12 -0.0203
230.0 0.3796 834.88 834.90 -0.0023 599.17 0.1388
240.0 0.3867 841.76 841.82 -0.0070 600.10 -0.0170
250.0 0.3944 848.67 848.73 -0.0131 600.10 -0.0158"
750.0 mm Hg
30.0 0.1779 706.3%9 706.29 0.0141 748.98 0.1363
40.0 0.1842 712.25 712.21 0.0055 749.10 0.1201
50.0 0.1906 718.1% 718.19 0.0000 748.96 0.1381
60.0 0.1969 724.20 724.23 -0.0038 749.36 0.0855
70.0 0.2033 730.28 730.32 -0.0057 749 .53 0.0622
80.0 0.2096 1736.42 1736.47 -0.0069 751.73 -0.2309
90.0 0.2159 742.62 742.67 -0.0074 750.77 -0.1030
100.0 0.2221 748.88 748.93 -0.0070 750.43 -0.0571
110.0 0.2284 1755.20 755.24 -0.0056 750.03 -0.0045
120.0 0.2347 761.58 761.60 -0.0031 749.94 0.0084
130.0 0.2409 768.00 768.02 -0.0020 750.18 -~0.0237



Error

T v H. H, P, Error
140.0 0.2471 774.48 774.48 0.0004 750.22 -0.0293
150.0 0.2533 781.01 780.99 0.0029 750.24 -0.0325
160.0 0.2596 787.58 787.55 0.0044 749.97 0.0045
170.0 0.2658 794.19 794.15 0.0049 749.97 0.0043
180.0 0.2720 800.85 800.80 0.0058 749.96 0.0058
190.0 0.2782 807.55 807.50 0.0060 749.93 0.0087
200.0 0.2844 814.29 814.24 0.0055 749.90 0.0129
210.0 0.290% B821.07 821.03 ¢.0045 750.12 -0.0l161
220.0 0.2967 827.88 827.86 0.0019 750.07 -0.0094
230.0 0.3029 834.73 834.74 -0.0011 750.01 -0.0020
240.0 0.3091 841.61 841.66 -0.00S6 749,96 0.0060
250.0 0.3152 848.53 848.62 -0.0102 750.13 -0.0172

125.0 mm Hg

40.0 0.1210 711.49 711.41 0.0119 1124.26 0.08657
50.0 0.1254 717.46 717.42 0.0055 1123.50 0.1337
60.0 0.1297 723.50 723.49 0.0010 1123.87 0.1183
70.0 0.1340 7295.61 729.62 -0.0013 1123.90 0.0973
80.0 0.1383 735.77 735.80 -0.0042 1125.83 -0.0740
90.0 0.1426 742.00 742.03 -0.0046 1124.94 0.0053
100.0 0.1468 748.29 748.32 -0.0040 1124.97 0.0029
110.0 0.1511 754.63 754.66 -0.0034 1124.42 0.0516
120.0 0.1553 761.03 761.04 -0.001l6 1124.78 0.0192
130.0 0.1595 767.43 767.48 -0.0062 1125.12 -0.0105
140.0 0.1638 773.97 773.96 0.0012 1124.54 0.0409
150.0 0.1680 780.52 780.49 0.0037 1124.60 0.0355
160.0 0.1720 787.10 787.07 0.0040 1125.90 -0.0801
170.0 0.1764 793.74 793.69 0.0061 1124.59 0.0368
180.0 0.1805 800.41 800.36 0.0063 1125.13 -0.0118
19G.0 0.1847 807.12 807.07 0.0059 1125.02 -0.0014
200.0 0.1889 813.88 813.83 0.0064 1124.87 0.0119
210.0 0.1931 820.67 820.63 0.0052 1124.69 0.0277
220.0 0.1972 827.49 827.47 0.0025 1125.05 -0.0043
230.0 0.2014 834.36 834.35 0.0009 1124.81 0.0171
240.0 0.2055 841.25 841.28 -0.0032 1125.09 -0.0078
250.0 0.2097 848.18 848.24 -0.0074 1124.80 0.0182
500.0 mm Hg
50.0 0.0927 716.71 716.68 0.0046 1499.54 0.0306
60.0 0.0960 722.79 722.78 0.0009 1498.87 0.0755
70.0 0.0993 728.92 728.94 -0.0032 1498.47 0.1021
80.0 0.1026 735.12 735.16 -0.0048 1500.39 -0.0258
90.0 0.1059 741.38 741.42 -0.0051 1499.53 0.0312
100.0 0.1092 747.69 747.73 -0.0054 1498.70 0.0866
110.0 0.1124 754.06 754.09 -0.0042 1499.21 0.0526
120.0 0.1156 760.48 760.50 -0.0027 1499.73 0.0180
130.0 0.1189 766.94 766.96 -0.0022 1498.93 0.0712
140.0 0.1221 773.46 773.46 0.0001 1499.10 0.0602
150.0 0.1253 780.02 780.01 0.0016 1499.17 0.0556



T \Y H, H, Error P, Error
160.0 0.1285 786.63 786.60 0.0038 1499.15 0.0568
170.0 0.1316 793.28 793.24 0.0054 1500.16 -0.0110
180.0 0.1348 799.97 799.92 0.0066 1499.56 0.0024
190.0 0.1380 806.70 806.64 0.0075 1499.70 0.0203
200.0 0.1412 813.46 813.40 0.0069 1499.36 0.0425
210.0 0.1443 820.27 820.21 0.0074 1500.00 0.0002
220.0 0.1475 827.11 827.0% 0.0066 1499.53 0.0313
230.0 0.1506 833.98 833.94 0.0046 1500.00 0.0000
240.0 0.1537 840.89 840.87 0.0026 1500.38 -0.0256
250.0 0.1569 847.83 847.83 -0.0003 14589.74 0.0171

250.0 mm Hg - '

60.0 0.0623 721.31 721.34 -0.0036 2251.16 -0.0515%
70.0 0.0647 727.52 727.56 -0.0054 2245.80 0.1866
80.0 0.0669 733.79 733.83 -0.0056 2249.18 0.0364
90.0 0.0692 740.20 740.15 -0.0069 2248.97 0.0458
100.0 0.0715 746.47 746.52 -0.0064 2248.92 0.0482
110.0 0.0737 752.89 752.93 -0.0053 2249.04 0.0427
120.0 0.0759 759.35 759.39 -0.0049 2249.07 0.0413
130.0 0.0782 765.86 765.89 -0.0037 2249.16 0.0372
140.0 0.0804 772.42 772.43 -0.0017 2249.37 0.0278
150.0 0.0826 779.02 779.02 0.0000 2249.37 0.0281
160.0 0.0847 785.67 785.65 0.0027 2249.41 0.0261
170.0 0.0869 792.35 792.32 0.0039 2249.51 0.0217
180.0 0.0891 799.07 799.03 0.0051 2249.66 0.0151
190.0 0.0913 805.83 805.78 0.0063 2249.86 0.0064
200.0 0.0934 812.63 812.57 0.0076 2250.10 -0.0043
210.0 0.0956 819.46 819.40 0.0078 2250.15 -0.0066
220.0 0.0977 826.35 826.26 0.0107 2250.02 -0.0011%
230.0 0.0998 833.23 833.16 0.0079 2249.96 0.0019
240.0 0.1020 840.16 840.10 0.0067 2249.29 0.0314
250.0 0.1041 847.12 847.08 0.0047 2249.77 0.0101
000.0 mm Hg

70.0 0.0472 726.06 726.16 -0.0143 3003.86 -0.1286
80.0 0.0490 732.40 732.50 -0.0137 3001.34 -0.0446
90.0 0.0508 738.79 738.88 -0.0123 3000.92 -0.0307
100.0 0.0526 745.21 745.30 -0.0127 3001.07 -0.0358
110.0 0.0543 751.69% 751.77 ~0.0107 3000.75 -0.0249
120.0 0.0561 758.21 758.28 -0.0090 3000.51 -0.0170
130.0 0.0577 764.77 764.83 -0.0075 3001.83 -0.0603
140.0 0.0595 771.37 771.42 -0.0059 3000.06 -0.0021
150.0 0.0612 778.01 778.04 -0.0043 2999.88 0.0040
160.0 0.0629 784.69 784.71 -0.0026 3000.25 -0.0084
170.0 0.0645 791.41 791.41 -0.0006 3000.25 -0,0083
180.0 0.0662 798.17 798,16 0.0018 3000.33 -0.0111
190.0 0.0679 804.96 804.93 0.0032 3000.50 -0.0166
200.0 0.0695 811.79 811.75 0.0051 3000.74 -0.0248
210.0 0.0712 818.65 818.60 0.0063 3000.65 -0.0217



T \Y H, H, Error P, Error
220.0 0.0728 825.55 825.48 0.0082 3000.65 -0.0216
230.0 0.0745 832.47 832.40 0.0082 3000.33 -0.0111
240.0 0.0761 839.43 839.35 0.0090 3000.11 -0.0037
250.0 0.0777 846.41 846.34 0.0082 2999.98 0.0007
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Appendix 6
Signals

Table of Observed Frequencies in the Schlieren

The average frequency (f£) and the value of £ divided by P,
for each experimental schlieren signal, together with P,

and T,.
No P, T, F £/p,

mm Hg K kHz kHz/mm Hg

3 2003.700 348.50 0.1102E+06 0.5500E+02
7 961.500 312.80 0.6340E+05 0.6594E+02
8 948.700 312.30 0.6972E+05 0.7349E+02
10 834.900 319.70 0.3170E+05 0.3796E+02
15 1570.400 370.30 0.1109E+05 0.7064E+01
16 593.700 315.00 0.2904E+05 0.4891E+02
17 616.700 317.70 0.2533E+05 0.4108E+02
18 573.400 331.10 0.1557E+05 0.2716E+02
20 339.000 342 .50 0.1597E+05 0.4712E+02
25 114.300 358.50 0.1284E+05 0.1124E+03
26 149.200 316.00 0.2957E+05 0.1982E+03
27 254.400 308.60 0.3144E+05 0.1236E+03
29 563.600 312.70 0.3601E+05 0.6390E+02
30 755.600 308.20 0.4325E+05 0.5724E+02
32 91.600 332.50 0.1141E+08 0.1246E+06
33 216.000 328.60 0.2766E+05 0.1280E+03
36 589.400 306.50 0.3861E+(05 0.6551E+02
37 715.800 300.60 0.6116E+05 0.8545E+02
38 734.400 298.10 0.5130E+05 0.68985E+02
39 1159.300 313.60 0.4627E+05 0.3992E+02
40 930.300 307.50 0.3852E+05 0.4140E+02
51 1201.500 313.60 0.3839E+05 0.3196E+02
52 801.300 300.20 0.2568E+05 0.3205E+02
53 751.400 302.3¢0 0.5712E+05 0.7602E+02
54 838,200 300.70 0.4631E+05 0.5525E+02
55 804.500 300.70 0.3934E+05 0.4890E+02
56 797.000 299,60 0.5698E+05 0.7149E+02
58 785.800 302.50 0.5480E+05 0.6973E+02
59 801.500 300.10 0.5266E+05 0.6570E+02
60 802.300 300.00 0.4596E+05 0.5728E+02
61 808.600 299.50 0.6603E+05 0.8166E+02
63 807.200 299,80 0.4596E+05 0.5694E+02
64 875.900 301.80 0.4719E+05 0.5388E+02
65 1177.100 313.80 0.5111E+05 0.4342E+02
66 871.600 303.10 0.40385E+05 0.4698E+02
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117
118
119
120

8952.
909.

&§82
933
869
869
915
663
889

875.

828
501

795.

775

851.

774
827
1131

846.

702
1040
1129

1108.

875
754

1056.
884.
1044.

876
624
760
1110

716.
775.

833
1073
849
773
702

1114.

1058
1022

812.

1081
1186
1178

1222.

1378

1396.

1439
1283

1418.

000
600
.100
.300
.100
.600
.200
.400
.100
100
.900
.500
800
.200
800
.400
.600
.500
500
.800
.600
.700
100
.800
.700
300
400
900
.000
.000
.200
.800
100
300
.100
.500
.000
.300
.300
300
.000
.100
000
.300
.200
.300
900
.000
000
.200
.100
600

305.60
304.40
304.00
304.70
303.30
302.50
304.00
309.00
303.30
303.70
302.70
304.50
301.40
298.70
302.40
298.30
302.00
311.80
302.20

- 296.60

309.70
313.20
312.20
303.60
298.70
315.50
309.60
312.90
305.00
300.40
301.20
311.60
298.10
304.20
305.30
315.60
307.40
308.00
301.40
312.70
312.40
311.70
303.20
314.30
315.80
318.20
316.50
321.30
323.80
322.70
316.50
322.50

0
0
0
0
0
0
0
0.

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
Q.
0.
0.
0
0.
0.
0.
0.
0.
0.
0.
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.5035E+05
.4373E+05
.4461E+05
.5540E+05
.5879E+05
.3763E+05
.4259E+05
4903E+05
4713E+05
5036E+05
S073E+05
S036E+05
5021E+05
6584E+05
5710E+05
6157E+05
4427E+05
47S3E+05
5599E+05
4388E+05
4103E+05
4497E+05
4695E+05
5824E+05
7726E+05
3883E+05
4312E+05S
5417E+05
5295E+05
4050E+05
S805E+05
S220E+05
7188E+05
4920E+05
6192E+05
5804E+05
4664E+05
7618E+05
4820E+05
4738E+05
4544E+05
6885E+05
1026E+06
4949E+05
.6119E+05
6142E+05
2676E+05
4852E+05
6145E+05
5127E+05
3607E+05
5763E+05

.5289E+02
.4807E+02
.5057E+02
.5836E+02
.6764E+02
L4327E+02
.4653E+02
.7391E+02
.5301E+02
0.5754E+02
0.6120E+02
0.5586E+02
0.6310E+02
0.8494E+02
0.6703E+02
0.7950E+02
0.5350E+02
0.4200E+02
0.6614E+02
0.6243E+02
0.3943E+02
0.3980E+02
0.4237E+02
0.6649E+02
0.1024E+03
0.3676E+02
0.4380E+02
0.5184E+02
0.6044E+02
0.6490E+02
0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

7636E+02

.4699E+02
.1004E+03
.6346E4+02
LT432E+02
.5406E+02
.5493E+02
.9851E+02
.68B4E+02
.4250E+02
.4295E+02
.6736E+02
.1263E+03
4577E+02
.5158E+02
L5213E+02
.2188E+02
.3521E+02
.4402E+02
L31562E+02
.2811E+02
L4063E+02



122
123
124
125
126
127
147
149
151
153
154
155
158
159
160
16l
162
163
l64
165
166
167
168
169
170
171
172
173
174
175
221

1229.800
1103.000
1174.800
1102.700
1111.500
1336.700
2269.400
821.500
687.500
702.900
627.200
714.300
599.700
669.200
552.800
679.400
425.500
746.800
618.200
856.700
721.600
928.400
604.700
413.900
144.100
700.000
336.100
767 .500
376.200
402.700
382.100

324.
331.
336.
341.
325.
326,
349,
304.
296.
295,
296.
295.
299,
294.
298.
293.
298.
298.
300.
306.
313.
304.
318.
332.
308.
304.
305.
306.
342.
342.
381.

0.3229E+05
0.3979E+05
0.3955E+05
0.4097E+05
0.3671E+05
0.2633E+05
0.2407E+05
0.6177E+05
0.5118E+05
0.5114E+05
0.5201E+05
0.1032E+06
0.9076E+05
0.1941E+05
0.8554E+05
0.9086E+05
0.6691E+05
0.5565E+05
0.9376E+05
0.4585E+05
0.2808E+05
0.5361E+05
0.3273E+05
0.5565E+05
0.6817E+05
0.8768E+05
0.4361E+05
0.3886E+05
0.6407E+05
0.5704E+05
0.2052E+05
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.2625E+02
.3358E+02
.3367E+02
.3716E+02
,3303E+02
.1970E+02
.1061E+02
.7519E+02
.7444E+02
.7276E+02
.8452E+02
.1445E+03
.1513E+03
L2900E+02
.1547E+03
1337403
.1572E+03
.7451E+02
L1517E+03
L.4793E+02
.3892E+02
L5774E+02
.5412E+02
.1345E+03
.4731E+03
.1253E+03
L1297E+03
.5064E+02
.1703E+03
.1417E+03
.5371E+02



Appendix 7. Computer Code SHOCK FORTRAN

C**********************t***t*******************t******i****i*ttt*****t

C N is the experiment number.

PO is the initial pressure.

0 is the initial temperiture.

Pe is the pressure after shock.

Pv s the vapor pressure.

dp is the Pwv-Pe.

Te is the Temperiture after shock.

U0 is the velocity of shock wave.

X is parameter in shockwave calulation.

tz is the time interval between the points the zero point and the

densel is the initial density.
signal cross the zero line in schlieren signal.

tm is the time interval between the points the zero point and the
signal minimum point.

Vm is the depth of the minimum point in schlieren signal.

v0 is the voltage of laser signal when it is on a quadrant.

vi is the the voltage input range on the Biomation wave recorder

dense is the density after shock.

HO is enthalpy at initial condition in kj/kg

He is the enthalpy at equilibrium temperature in kl/kg

+O00NONONONNONNNOOO0ONRNON

********************#************************ii************i********

CHARACTER *1 LINE({113)
INTEGER K,N
REAL *8 TO,PO,TE.PE.UO,DENSE,DENSO,X,Z,PV,DP,TZ,TM,VM,VI,VO
+ ,U )
C PO,T0 AND U0 ARE THE INITIAL PRESSURE, TEMPERATURE AND SHOCK VELOCITY
READ({3,200) LINE
WRITE(6,200) LINE
READ(3,200) LINE
WRITE(6,200) LINE
READ({3,200)LINE
WRITE{6,200)LINE
CALL SPLFIT
DO 80 K=1,2
READ(B,*)N,PO,TO.PE,TE,PV,DP,X,UO,TZ,TM,VM,VI,VO
800 FORMAT({'INITIAL PRESSURE = ‘, F10.4, ' MM HG')
CALL SHOCK(TO,P0,U0,DENSO,TE,PE,DENSE,U,X,PV,DP,2) .
WRITE(6,100)N, PO,TO,PE,TE,DENSE,PV,DP,X,U,TZ,TM,VM,VI,VO.Z
80 CONTINUE .
700 TFORMAT(F5.2)
100 FORMAT(I4,4F10.4,F8.4,2F11.4,2F8.4,2F6.1,F7.2,F4.1,F5.1,F8.4)
200 FORMAT(113A1)
STOP

SUBROUTINE SPLFIT
Cc THIS PROGRAM FITS DATA WITH A CUBIC INTERPOLATING SPLINE.
C USING PARABOLIC END CONDITION: S(0)=S(l),S(N-1)=S(N).
INTEGER N, I,K,NO
REAL*8 X(17),Y(17),A(17),B(17),C(17),S(17),¥L1(17),¥2(17)
+ ,A1(17),B1{(17),C1{(17),81(17),A2(17),B2(17)},C2(17),52(17)
+ , X0(26),Y0(26),A0(26),B0(26),C0(26),50(26)
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COMMON /ENTH/ X,Y¥,A,B,C,5,¥1,AL,B1,C1,S1,Y2,A2,B2,C2,82,N
COMMON /PVT/X0,Y0,A0,B0,C0O,NO

N=17
NO=26
READ(5, *)
READ(5, ™)
READ(5, *}
DO B8 K=1,N
8 READ(S.ZOO)Y(K).Yl(K).YZ(K),X(K)
READ{S, *)
READ(S, *)
READ(S, *)
DO 9 I=1,NO
9 READ(S,300) YO(I),X0(I)

CALL CUBSPL(X,Y,N,A,B,C,S)

CALL CUBSPL({X,Y1,N,al,B1,Cl,S1}
CALL CUBSPL(X,Y2,N,A2,B2,C2,82)
CALL CUBSPL({X0,Y0,N0,A0,B0,C0,S0)

O 0o 0o 0o 0

100 FORMAT(3El3.4)
200 FORMAT(El6.7,E16.7,E16.8,E12.1)
300 FORMAT(El7.10,El2.2)
RETURN
END

SUBRQUTINE SHOCK (T0, PO, U0, DENSO, TE, PE, DENSE, Ul, X, PVA,DIFP, 2)
¢ INPUT: TO,PO,U0; OUTPUT:PE,DENSE,Ul,HE,H0; PRESSURE IN MM HG
REAL *8
R,PO,TO,TE.PE.WM,P2,Z.HO,HE,Bl,BEl,DENSO,DENSE,X,Y,BE,BO,
+ CO,CE,T01,AA,BB,CC,U00,UL,21,Y1,DIFP,VAP,PVA,UD
R=8.314510D-00
C WM IS MOLECULAR WEIGHT OF FREON1l IN KG/MOL
WM=1.3739D-01
C HERE THE PE AND TE ARE THE INITIAL TRIAL VALUE FOR CALCULATION NOT
C TRUE VALUE. -
PE=P0+200.0D0
TE=T0+10.0D0
c WRITE (8,*)PO,TO0,U0,PE,TE
Y1=1.0D00
70 IF (ABS(Yl) .LE. 2.0D-04) GOTO 10
IF(Y1.LT.0.0) THEN
TE=TE-0.05D0
ELSE
TE=TE+0.05D0
ENDIF "
P2=PE
2=2.0D02
Z1=3.5D02
30 IF(ABS(Z) .LE. 1.0D-05 )} GO TO 20
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C

zZ1=2
CALL ENTHAL (PC,T0.HO)

CALL ENTHAL (P2,TE,HE)
CALL STATE (TO,PO,TE,DENS(,Bl,BEl)

C HE-HO IS THE ENTHALPY DIFF. BETWEEN THE INITIAL AND FINAL
cONDITIONS.

C U00

Y= (HE-HO0) *WM*1,0D+03/R

B0=B1*1.0D-03

BE=BE1*1.0D-03

C0=B0*DENSO0 /WM

CE=BE*DENS0 /WM

TO01=T0/{1.0D00+C0)

AA=T0O1

BB=(1.00D0+CE) *AA+2.0D0*Y-TE
CC=1{2.0D0*Y+T01) *CE-TE

X=(-BB+ (BB**2-4,0D0O*AA*CC) **0.5)/(2.0DO*AA)
DENSE=DENS0/X

CALL STATE2 (TE, DENSE, PE)

IS THE VELOCITY OF SHOCK WAVE IN M/SECOND
U00=(2.0D0* (HE-HO) *1.0D03/(1.0D0-X**2))**0.5

C Ul IS VELOCITY OF SHOCK WAVE IN MM/MICROSECOND

c

c
8

LY

20

10

Ul=U00*1.0D-03
WRITE (8, *)U1,000
Z=PE-P2
WRITE(8,8)2,P2, PE,HE, HO
FORMAT (SE13.4)
WRITE(8,100) PO,TO,P2,PE,TE,2,X,Ul,HE,HO
IF {(Z .LT. -1.0D-5 .AND. Z .GE. -1.0D-02) THEN
P2=P2~-0.01D-5
ELSE IF (2 .LT. -1.00D-02 .AND.
P2=P2-0.1D-2
ELSE IF (2 .LT. -1.00D-01 .AND.
p2=p2-0.1D-0
ELSE IF (2 .LT. -7.00D-00 .AND.
P2=P2-5.0D0C0
ELSE IF (Z .GT. 1.0D-05 .AND.
pP2=pP2+0.010D-6
ELSE IF (2 .GT. 1.0D-03 .AND.
p2=P2+0.010D-5

.GE. -1.0D-01) THEN
.GE. -7.0D-00) THEN
.GE. -7.0D01) THEN
.LE. 0.1D-03) THEN

.LE. 1.0D-02) THEN

MR N N NN NN

ELSE IF (Z .GT. 1.0D-02 .AND. .LE. 1.0D-01) THEN
p2=p2+0.010D-01

ELSE IF (Z .GT. 1.0D-0l .AND. .LE. 7.0D00) THEN
P2=P2+0.10D-0

ELSE IF (2 .GT. 7.0D-00 .AND. .LE. 7.0D01) THEN

P2=P2+5.00D0

ELSE
pP2=(P2+PE)/2.0D0

END IF
IF (PE .LE. PO ) GO TO 10
GO TO 30
CONTINUE
Y1=U00-U00%*0.1D-2
GOTO 70
CONTINUE
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C VAP IS VAPOR PRESSURE OF FREON11 IN KPA AND PVA IS IN MM HG
VAP=6.01505D0-1043.6D0/ {(TE-273.15D0)+236.584D0)
PVA=(760.0D0G/101.325D0) *10**VAP
DIFP=PVA-PE
100 FORMAT(3Fl4.4)
RETURN

C CALCULATE THE ENTHALPY (KJ/KG)} AT TEMPERATURE (K)
SUBROUTINE ENTHAL(P,T, H)
INTEGER N .
REAL*8 X(17),Y(17)},A(17),B(17},C{(17},8(17),P,¥Y1(17),¥2(17)
+ ,Al(1l7),Bl(17),Cl(17),S81(17),A2(17),B2(17),C2(17),82(17),T,H
+ ,TEMP, TEMP1, TEMP2
COMMON /ENTH/ X,Y,A,B,C,S,Y1,Al,Bl,C1,S1,Y2,A2,B2,C2,82,N
TEMP=SEVAL(N,P,X,Y¥,4,3,C)

TEMP1=SEVAL(N,P,X,¥1,Al,B1,Cl)
TEMP2=SEVAL(N,P,X,Y2,6A2,B2,C2)

H=TEMP+TEMP1*T* *TEMP2
WRITE (8, 100 ) TEMP, TEMP1, TEMP2
100 FORMAT(3F15.4)
RETURN
END

0o 0o 0o 0

SUBROUTINE STATE(TO,P0,TE,DENSO,Bl,BEl}
REAL *8 T0,PO0,TE,DENSO,Bl,BEL,R,V

+ ,X0(26),Y0(26},A0(26),B0(26),C0(26)
COMMON /PVT/X0,Y0,AQ,B0,C0,NO
R=8.2058D-02

B1l=SEVAL{NO,T0,X0,Y0,A0,B0,C0)
VOLUME IN LITER/MOL (DM)**3
V={R*T0*760.0D0/PC-Bl)
DENSITY IN G/LITER
DENS0=137,390D0/V
WRITE:8, *)B1,V,DENSO

N N N0

BE1=SEVAL (NO,TE, X0,Y0,A0,B0,C0}
RETURN
END

SUBROUTINE STATEZ (T2,DENS2, P2)

REAL *8 T2,P2,DENS2,B1,V,R,A0(26},B0(26),C0(26),X0(26),Y0(26)

COMMON /PVT/X0,Y¥C,A0,B0,CO,NC

R=8.2058D-02

B1=SEVAL(NO,T2, X0, Y¥0,A0,B0,C0)}
C VOLUME IN LITER/MOL (DM)**3

v=1.3739D+02/DENS2
C PRESSURE IN MM HG

P2=({R*T2/ (V+B1l})*760.0D0

RETURN
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SUBROUTINE CUBSPL(X,Y,N,A,B,C,5)
C THIS SUBROUTINE COMPUTES THE MATRIX FOR FINDING THE COEFFICIENTS OF
C CUBIC SPLINE THROUGH A SET OF DATA.
INTEGER N,NM1,NM2,I,J,FIRST,LAST
REAL *8 X(N},Y(N),S(N},A(N),B{N),C(N),SMATRX(0:26,4)

+ ,DX1,DY1l,DX2,DY2,DXN1, DXN2
REAL H(26)
C
C COMPUTER FOR THE N-2 ROWS
C
NM2=N-2
NM1=N-1
DX1=X(2)-X(1)
DYl=(Y(2)-Y(1})/DX1*6.0D0
DO 10 I=1,NM2
DX2:=X({I+2)-X(I+1l}
DY2={Y{I+2)-Y{I+1))/DX2*6.0D0
SMATRX(I,1)=DX1
SMATRX (I,2)=2.0D0* (DX1+DX2)
SMATRX (I, 3)=DX2
SMATRX(I,4)}=DY2-DY¥1
DX1=DX2
DY1=DY2 )
10 CONTINUE
FIRST=2
LAST=NM2

c FOR END CONDITION=3
30 DX1=X(2)-X(1)

DX2=X{3)-X(2)
SMATRX(1,2)={(DX1+DX2) * (DX1+2.0D0*DX2) /DX2
SMATRX(1,3)=(DX2*DX2-DX1*DX1) /DX2
DXN2=X (NM1) -X (NM2)
DXN1=X(N)-X (NM1)
SMATRX (NM2, 1) = (DXN2 *DXN2 - DXN1*DXN1) /DXN2
SMATRX (NM2, 2) = (DXN1+DXN2) * (DXN1+2 .0DO*DXN2) /DXN2

PRINT QOUT TRIDIAGONAL MATRIX IN COMPACT FORM

DO 11 I = FIRST-1,LAST
II PRINT*, (SMATRX (I,J),J=1,4)

N N0Oon0oo

NOW SOLVE THE TRIDIAGONAL SYSTEM.
DO 110 I= FIRST,LAST
SMATRX (T, 1)=SMATRX(I,1l)/SMATRX(I-1,2)
SMATRX (I, 2)=SMATRX({I,2)-SMATRX(I,1)*SMATRX(I-1,3)
SMATRX (I, 4)=SMATRX{I,4)-SMATRX(I,1)*SMATRX(I-1,4)
110 CONTINUE
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C NOW WE BACT SUBSTITUTE
SMATRX (LAST, 4) =SMATRX (LAST, 4) /SMATRX {LAST, 2)
DO 120 J=LAST-1,FIRST-1,-1
SMATRX (J, 4) = (SMATRX (J, 4) -SMATRX (J, 3) *SMATRX (J+1,4))
+ /SMATRX(J,2)
120 CONTINUE
C
C NOW PUT THE VALUES INTO THE S VECTOR
c
DO 130 I=FIRST-1,LAST
S{I+1)=SMATRX{I,4)
130 CONTINUE

¢ GET S(l) AND S(N) ACCORDING TO END CONDITIONS
S{1)=({DX1+DX2)*S(2)-DX1*S(3))/DX2
S(N)=({DXN2+DXN1) *S (NM1) -DXN1*S(NM2) )} /DXN2

c

C WRITE OUT COEFFICIENTS OF THE POLYNOMIALS
C

C PRINT 99

c99 FORMAT(/T2,60('*')//T10, ' THE CUBIC POLYNCOMIALS, G({X)'
c +, 'DEFINED ON THE INTERVALS',//)
C PRINT 101
DO 200 I=1,N-1
H(I)=X{I+l)-X(I)
A(I)=(S(I+1)-S(I}}/(6.0DO*H(I))
B(I}=S(I)/2.0D0

C{I)=((Y(T+1)-Y{I)})/H{I))~-((2.0DO*H(I)*S(I)+H(I})*S(I+1))/6.0D0)

C PRINT 102,I,A(I),B(I),C(I),¥(X)

Ci0l FORMAT(TS,'X’,T17,'I',T27,'B’',T37,'C’',T47,'D'/)

C102 FORMAT(TS,Il1,T12,F8.4,T22,F8.4,T32,F8.4,T42,F8.4)
200 CONTINUE

RETURN
END
C
C
REAL FUNCTION SEVAL(N,U,X,Y,A,B,C)
INTEGER N
REAL*8 U, X(N),Y(N),B{(N),C(N),A(N)
c

¢ THIS SUBROUTINE EVALUATE THE CUBIC SPLINE FUNCTION
g SEVAL=Y(I)+C(I}*{U-X(I))+B(T) *(U-X{I)**2+A(T) *(U-X(T))**3
INTEGER I,J.K
REAL*8 DX
SAVE I
DATA I/1/
IF (I.GE.N} THEN
I=1
END IF
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IF (U.GE.X(N}) THEN
DX=U-X(N-1)
SEVAL=Y (N-1) +DX* (C{N-1) +DX* (B(N=1)+DX*A(N-1)))
RETURN
ENDIF
IF(U.GE.X(I)) THEN
IF(U .LE. X{I+1l)) THEN
DX=U-X (1)
SEVAL=Y (I)+DX* (C{I}+DX*(B(I)+DX*A(I)))
RETURN
END IF
ENDIF
I=1
J=N+1
10 K= (I+J)/2
C WRITE(8,*)K
IF(U .LT. X(K)) THEN
J=K
ELSE
I=K
END IF
IF (J .GT. I+1) THEN
GOTO 10
ELSE

EVALUATE SPLINE

nonn

DX=U-X(I)
SEVAL=Y (I) +DX* (C{I)+DX*(B(I)+DX*A(I)))
RETURN
END IF
Cc END
RETURN
END
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Appendix 8.  Computer Code: EQCALCU FORTRAN

C " CLUSTER DISTRIBUTION CALCULATION

DOUBLE PRECISION X2,XC,¥NS,Yl,Y¥2,Y¥21,DH,T,CS,S,TOK,
1 YD(5),YDE(5),YDN(5),YEN(5),¥YNN(5),YON(5),GN{4), FN(5),YOEN(3),
1 PVO,VLO,HL,HG,HL0, SLO, SGO, PVA,VL,VG,Hl, SL, SG,T0,T1,GG(5) ,FF(5),
1 DEG,EVB,TA(16)},GE(16)}
INTEGER K1,M,K,N,NA
COMMON /TPP/TA,GE/TPPN/NA
EXTERNAL YZERO ,THERMO, SOLV,DISTR,BIGS, SPLFIT

C S=(PRESSURE COF GAS)/(VAPER PRESSURE)
5=0.777200D-00

C M IS THE SIZE OF THE LARGEST CLUSTER
M=5 .

C WRITE TITLE OF QUTPUT
WRITE(9,998)

WRITE(9,996) s
WRITE(1Ll,997)
WRITE(11,996) S
998 FORMAT (4X, ' TEMP',4X,'G(2)',10X,’'G(3)',10%, 'G(4)',10X, 'G(5) ', 10X,

& '8')
997 FORMAT (4X, 'TEMP’,4X,'F{1)',10X, 'F(2)',10X, 'F(3)’,10X, 'F(4}', 10X,
& "F(5)')

996 FORMAT(D14.4, ' IS THE SUPERCSATURATION' )
C READ THE TEMPERATURE, DEGENERACY AND VIBRATIONAL ENERGY AND SPLINE C
C FIT
NA= 16
READ{Z,*}
DO 12 I=1,NA
12 READ{Z2,* ) TA(I), GE(I)
CALL SPLFIT
C READ THE THERMODYNAMIC DATA.
READ(S, *)
READ({5, *)
READ (S, *)
READ(5,999) K1
READ(S,888) T0,PV0,VLO,VG,HL, HG,H10,SL(, SGO

CALCULATE THE EQUALIBRIUM DISTRIBUTION FOR INITIAL TEMPERATURE
CALL YZERO(M,TO0,PV0,VL0,H10,SL0,SG0,S,YON, YOEN, YNN, GG, FF,CS)
TOK=T0+273.15D00
WRITE(9,103)TP0K, (GG(I),I=2,5),CS
WRITE(11,105)TOK,FF
T1=DBLE (K1)

WRITE(4,*) Tl
WRITE(8,102)T0K, YON, YOEN

CALCULATE THE DISTRIBUTION AT HIGHER TEMPERATURES
do 10 K=1,K1
WRITE(4,*) K
READ(S,888) Tl1,PVA,VL,VG,HL,HG,Hl, 5L, SG
WRITE(4,*) T1,PVA,VL,VG,HL,HG,Hl,SL,SG
GIVE ENTHALPY (H1) AND ENTROPY{51l) IN J/G AND TEMPERATURE(T) IN C
dc N=2 IS SIZE OF DIMER

0N 0O 00 00
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N=2
YNS=YNN(2) .
CcALL THERMO(N,T1l,T0,PVA,VL,H1,H10,SL, SG, S, ¥YNS, XC, DH}
X2=XC
C WRITE(4,*)X2
C SOLVE TWO POLYNOMIAL EQUATIONS
CALL SOLV(M,Tl1l,TO,PVA,VL,H1,6H10,8L,5G,S5, YNN,X2,¥1.¥2,Y21)

CALCULATE THE CLUSTER DISTRIBUTION

CALL DISTR(T1,TO,M,S,¥YNN,Hl,6H10,SL, SG,PVA,VL, Y1,
& Y2,X2,YD,YDE, YDN, YEN, FN)
T=T1+273.15D00

CALCULATICN THE FUNCTION GN CS

C WR

10
100
101
102
103
104
105
888
999

106

CALL BIGS (YON, YOEN, YDN, YEN, GN,CS)
ITE OUTEUT

WRITE(3,100)T,YDN

WRITE(7,101)T,YEN

WRITE(9,103)}T,GN,CS

WRITE(10,104)Y1,Y2,Y21

WRITE{11,105)T,FN

CONTINUE

FORMAT (F8.2,5E15.7)

FORMAT (F8.2,5E15.7)

FORMAT (F8.2,5E23.15/5E23.15)

FORMAT (F8.2,5E23.15)

FORMAT (3E19.9)

FORMAT (F8.2,5E23.15)

FORMAT(D13.4,8D14.5)

FORMAT (12)

WRITE(4,105)YDE

FORMAT (5EL17.7)
STOP
END
SUBROUTINE YZERO(M,Tl,PVA,V,Hl,SL,SG.S.YON,YOEN,YNN,GG,FF.CS)

COMMON /TPP/TA,GE, /TPPFIT/A,B,C,/TPPN/NA

INTEGER NDEG,M,N,I,J,K,L,NA

DQUBLE PRECISION YO(5),YNN{5),YOE(S),FN(5),YON(5),YOEN(5} ,AQ(5).

+ X,S,ENO,DH,El,R.T.Tl,YT,YOT,YOET,ENWPVA,V,Hl,SL,SG,AA(G).F
+ ,GG(5),FF(5),CS,Q,YOP, SEVAL, TA,GE,A,B,C, DEG, EVB
+ ,B{14),C(14),A1(14),B1(14),Cl(14),DEG,EVE

DIMENSION TA({(l6),GE(16) JA(Lle) ,B(16) ,C(16)
PARAMETER (NDEG=5)

EXTERNAL DZPORC, THERM

COMPLEX*16 Z(5)

N=M+l

R=8.314D0

T=71+273.15D0

C AA(I) IS THE COEFICIENTS OF THE POLYNOMIAL

10

AR(1)=-1.0D0

AQ{1}=1.0D0

DO 10 I=2,M

CALL THERM(I,Tl,PVA,V, Hl,SL,SG,S,X,DH)
AO(I)=A0(I-1)/X

WRITE(8,*)X,A0(I)

CONTINUE
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DO 30 J=2,6
AA(JY=A0(J-1)
30 CONTINUE

€ SOLVE THE POLYNOMIAL

CALL DZPORC (NDEG, AA,Z)

DEG=SEVAL{NA,T,TA,GE,A,B,C)
C EVB=SEVAL(NA,T,TA,E,Al,BL,Cl)
EVB=9.0D0*8.314D0*T
Q=1.0D0/{1.0D0+DEG*DEXP(-EVB/ (R*T)))
YOP=REAL{Z({1l))
YO (1) =YOP*Q
YO {1)=YOP*DEG

3

c CALCULATION OF EXCITED MONOMER
C EXCITED MONOMER
YOE (1) =YOP-YO (1) .
C YOE (1) =YOP*DEG*DEXP {-EVB/ (R*T) ) /Q
c El=-4560.181846D0+26.078275D0*T+0.033411D0*T**2.0D0
C FN(1)=DEXP({-E1l/ (R*T)})
c YOE(1)=YO(1}*FN(1)
C YOET IS THE TOTAL MOLES OF EXCITED CLUSTER; YOT UNEXCITED CLUSTER.
YOET=YOE (1)
YOT=YO(1)
c EXCITED CLUSTER DISTRIBUTION (DIMER TO M-MER )
DO 20 K=2,5

YO (K) =A0(K) *YO (1) ** (K)
YOT=YOT+¥0 (K)
CALL THERM(K,Tl,PVA,V,H1l,SL,SG,S,X,DH)
ENO=DH/ (R*T)
EN=ENO+(3.0D0/2.0D0)
FN (K) =DEXP (-EN}
YOE (K) sYO (K} *FN (K}
YOET=YOET+YOE (K)

20 CONTINUE
YT=YOET+YOT

C NORMALIZATION

Do 50 L=1,5
YON(L}=YO(L) /YT
YOEN (L)=YOE(L} /¥T

50 CONTINUE
YNN(L)={YON{1l)+YOEN(1l}))*1.0D0
DO 60 N=2,5
F=DBLE (N)
YNN (N) =YNN (N-1)+F* (YON (N} +YOEN (N) )

60 CONTINUE
DO 88 I=1,5
FF(I)=YOEN(I)/YON{I)

g8 CONTINUE
GG(1)=0.0D0
DO 89 I=2:5
GG{I}=YOEN(I)/YOEN(I-1)

89 CONTINUE
CS=1.0D0
RETURN
END
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C

SUBRQUTINE THERM(N, Tl, PVA,V, H1,SL,SG,S,X,DH)
COMMON /TPP/TA,GE,E, /TPPFIT/A,B,C,Al,Bl,C1l, /NUM/NA
INTEGER N,N1,NA

DOUBLE PRECISICN T1,PVA,V,H1,SL,SG,S,X,DH.R,EP,WM,TB,T,PV,P,
& VOL.HO,SO,PARA,DS.DG,DNS,DGl,DHl,DN,HEl,HUE.HUEO
& TA(14),GE(14),a{(14),B{14}),C(14),EVB, SEVAL

R=8.314D00

EP=R*399.0D0

WM=137.39D-3

TB=296.85D00

T=273.15D0+T1

PV =PVA*1.0D05

P=PV

VOL=V*WM*1.0D-03

HO=H1*WM*1.,0D03

S0={SG-SL)} *WM*1.0D03

C PARA= a**4; a=eta/rl

PARA=2.45D0**4 .
EVB=SEVAL(NA,T,TA,E,Al,B1,Cl}
EVB=9.0DQ*R*T

C HEl IS THE ENTHALPY OF EXCITED MONOMER

C

HEL=DBLE (4) *R*T+ (EP/2.0D0) * (PARA**{3.0/4.0)-1.0D0) +EVB
PARA=(2.0D0* (HO+P*VOL-R*T) /EP+1.0D0) **{4.0D0/3.0D0)
IF (N .LE. 2)THEN

C THE FOLLOWING HUE IS THE ENTHALPY OF DIMER.

HUE= (12 .0D0*DBLE (N)-2.0D0) *R*T+ (EP/64.0D0) * (18.0D0*DBLE (N} ** {
& 2.0D0/3.0D0)-PARA**(1.0D0/2.0D0)) *PARA

DH=2 .0D0*HE1-HUE ’
WRITE(4, *)HELl, HUE,DH, 2

DS=S0+R*5.0D0*DLOG (0.5D0) -R*DLOG(S)

DG=P*VOL+3 .0D0O*R*T+ (EP/2.0D0) * (PARA**(3.0/4.0)-1.0D0)

&- (EP/64.D0) *PARA* (18.D0*2.0D0** (2.0D0/3.0D0) -PARA** (0.5D0) )
&-R*T*5,0D0O*DLOG(0.5D0) ~-R*T*DLOG (PVA*0.986842D00)

ELSE

Nl=N-1

DN=DBLE (N) **(2.0D0/3.0D0) -DBLE(N1)**(2.0D0/3.0D0)

¢ HUE IS THE SAME AS THE H(N) IN THE MODEZ FORTRAN
C HUEQ IS THE ENTHALPY OF An-1 ; HUE is the enthalpy of n-mer.

HUEO= (12 .0DO*DBLE (N1) -2.0D0) *R*T+ (EP/64.0D0) * (18, 0DO*DBLE (N1} **

& (2.0D0/3.0D0) -PARA**(1.0D0/2.0D0) ) *PARA
HUE=(12.0D0*DBLE (N} -2.0D0)} *R*T+ (EP/64.0D0) * (18.0D0*DBLE (N} ** (
& 2.0D0/3.0D0)-PARA**(1.0D0/2.0D0) } *PARA

is the enthalpy change for process An = An-1 + A*
DH=HUEO+HE1-HUE

WRITE (4, *)HUE(Q,HUE,DH, N
DNS=(DBLE (N1} /DBLE{N)}}** (3+N)
DS=S0+R*DLOG {(DNS} -R*DLOG (S)

DG=P*VOL-R*T*DLOG (PVA*0.986842105D00)-9.0D0/32.DO*EP*PARA*DN
& -R*T*DLOG{DNS)

END IF

DG1l=(DG/ (R*T) )

DH1={1.0D0/T-1.0DCG/TB} *HO/R
X=(DEXP(-DGl))/{S*DEXP (-DH1) )

WRITE(4,*)X

RETURN

321



C

25

10

40

50

END

SUBROUTINE SOLV(M,T1,TO0,PVA,V,H1,H10,SL, 5G,S, YNN,
& X2,Y1,Y¥2,Y21 )
INTEGER NDEG1l,NDEG2,I,L,J
PARAMETER (NDEG1=4)
PARAMETER (NDEG2=5}
DOUBLE PRECISION T1,PVA,V,Hl,SL,SG,S,X2,¥1,Y2,Y¥21,
& YNS,X,DH,¥YNN(5),A(S5),B(5),T0,H10,B1(6),2

REAL Al(5),Bl{6)
COMPLEX*16 ZA{4) ,ZB(5)
EXTERNAL THERMO, DZPORC
¥1=0.200D00
Z=0.2D00
IF (ABS(Z) .LT. 0.5D-07) GO TO 20
A{1)=Y1-1.0D00
Bl1{1l)={-Y1**2,.0D00)}
B{l)=X2*Y1
B(2)=X2*2.0D00
WRITE(4,*} X2,B(l1l),B(2)}
A(2)=1.0D00
DO 10 I=3,M
YNS=YNN(T)
CALL THERMO(I,Tl,TO,PVA,V,Hl,HlO,SL.SG,S.YNS,X,DH)
A(I)=A{I-1)*X2/(YL*X)
CONTINUE
DO 40 J=3|M
YNS=YNN(J} . o
CALL THERMO(J,TI,TU.PVA,V.Hl,HlO,SL,SG,S,YNS,X,DH)
B(J)=DBLE(J)*B(J*1)*X2/(Yl*x*DBLE(J—l))
CONTINUE
DO 50 L=10M
Bl(L+1)=B(L)
CONTINUE
CALL DZPORC (NDEGL,A,ZA)
CALL DZPORC (NDEG2,Bl,ZB)
WRITE(4, *)ZA
Y2=REAL{ZA (1))
¥y21=REAL (ZB{1)})
2=Y¥21-Y¥2
IF{ 2 .EQ. 0.0D-0) GO TO 21
IF {z .L7T. 0.0D-0 .AND. Z .GE. -2.0D-5) THEN
¥Y1=Y1+0.01D-5
ELSE TIF (2 .LT. -2.0D-5 .AND. Z .GT. -2.0D-3) THEN
¥1=Y1+0.01D-2
ELSE IF (2 .LE. -2.0D-3) THEN
¥Y1=Y1+0.1D0OQ
ELSE IF (Z .GT. 0.0D-0 .AND. Z .LE. +2.0D-5) THEN
¥1=¥1-0.01D-6
ELSE IF (2 .GT. 2.0D-5 .AND. 2 .LE. +2.0D-3) THEN
¥l=Y¥1-0.01D-4
ELSE
¥1=¥1-0.01D-1
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END IF
WRITE(4,100)Y1,2,Y21,Y2
GO TC 25
100 FORMAT(4E13.4)
20 CONTINUE
21 RETURN
END

C

C SUBPROGRAM FOR CALCULATION OF THERMODYNAMIC PRAMETER.
SUBROUTINE THERMO(N, T1,T0, PVA,V, H1l,H1l0,sL,SG, S, YNS, X, DH)
C COMMON /TPP/TA,GE,E,/TPPFIT/A,B,C,Al.Bl,Cl./NUM/NA
DOUBLE PRECISION T1,PVA,V,H1,SL,SG,S,¥YNS,X,DH,R,EP,WM,TB,T,PV,P,
&O,SO,PARA,DS,DG,DN,DNS.DGl,DHl,PEPO,TO,HlO,VOL,TOK,HOV,HEl,HUE.
& HUEQ
& TA(14),GE(14),E(14},A(14),B(14}),C(14),A1(14),B1(14),Cl(14),EVB,
INTEGER N,Nl
R=8.314D00
EP=R*399.0D0
WM=137.35D-3
TB=296.85D00
TOK=T0+273.15D0
T=273.15D0+T1
PV=PVA*1l.0D05
P=PV
VOL=V*WM*1.0D-03
HO=H1*WM*1_0D03
HOV=H10*WM*1.0D0O3
S0=(SG-SL) *WM*1.0D0(3
c PARA= a**4; a=eta/r0
PARA=2.45D0**4
PARA:(E.ODO*(H0+P*VOL—R*T)/EP+1.0D0)**(4.0D0/3.0D0)
EVB=9,0DO*R*T
c EVB=SEVAL{NaA,T,TA,E,Al,Bl,Cl)
HE1=DBLE (4) *R*T+ (EP/2.0D0) * (PARA** (3.0/4.0)-1.0D0) +EVB
IF (N .LE. 2)})THEN
HUE=(12.0D0*DBLE (N) -2.0D0) *R*T+ (EP/64.0D0) *(18.0D0*DBLE (N) **(
& 2.0D0/3.0D0)-PARA**(1.0D0/2.0D0}) *PARA
DH=2 .0DO*HE1-HUE
C WRITE(4, *)HUE,DH, 2
DH:Z.DO*(H0+P*VOL+R*T)-EP*PARA*(28.6D0-PARA**0.5D0)/6.4D01
DS=S0+R*5.0D0*DLOG (0.5D0} -R*DLOG(S)
DG=P*VOL+3.0D0*R*T+ (EP/2.0D0) * (PARA**(3.0/4.0}-1.0D0)
&-{EP/64.D0) *PARA* (18.D0*2.0D0**(2.0D0/3.0D0) -PARA** (0.5D0})
£-R*T*5.0D0*DLOG(0.5D0) -R*T*DLOG(PVA*0.9868421D00)
ELSE
Ni=N-1
DN=DBLE(N)**{2.0D0/3.0D0)-DRLE(NL1)**(2.0D0/3.0D0)
C HUE IS THE SAME AS THE H(N) IN THE MODE2 FORTRAN
HUEO={12.0DO*DBLE(N1) -2.0D0) *R*T+ (EP/64.0D0) *{18.0DO*DBLE(N1) **
& {2.0D0/3.0D0}~PARA**(1.0D0/2.0D0) ) *PARA
HUE=(12.0D0*DBLE(N}-2.0D0} *R*T+ (EP/64.0D0) *(18.0DO*DBLE (N) ** (
& 2,0D0/3.0D0)-PARA**(1.0D0/2.0D0) ) *PARA
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DH=HUEQO+HEl -HUE

C WRITE(4, ")HUEQ,HUE,DH, N,T
C DH=HO+P*VOL-9.0D0Q*EP*PARA*DN/32.0D0
DNS= (DBLE (N1) /DBLE (N) } ** (3+N)
DS=S0+R*DLOG (DNS) -R*DLOG(S)
C WRITE(4,*)DS
DG:P*VOL—R*T*DLOG(PVA*O.9868421D00)-9.D0/32.D0*EP*PARA*DN
& -R*T*DLOG (DNS)
END IF
DGl=(DG/(R*T))
DH1={1.0D0/T0K-1.0D0/TB) *HOV/R

C PEP0O IS FUNCTION OF THE INITIAL TEMPERATURE . FOLLOWING IS OBTAINED
¢ AT INITIAL TEMPERATURE 291.15 K
IF (T .LE. 380.D00) THEN

PEPO=90.20147742D0-0.B4463205D0*T+2.54203D—3*T**2—2.38109D—6*T**3
ELSE
PEPO=-73.81008027+0.43332065*T-7.7612D—04*T**2+4.8985D-07*T**3

C PEPO=—42.77992225D0+0.277140080D0*T-0.007674900D0*T**1.5
END IF

C DH1=0.82045D0 IS CALCULATED FROM DATA AT INITIAL T=291.15

C X=(DEXP (-DG1) ) / (PEPO*YNS*S*(,82045D0)
X= (DEXP (-DG1) ) / (PEPO*YNS*S*DEXP (~DH1) )
C WRITE(4,*}X
RETURN
END
C

SUBROUTINE DISTR(T1,TC,M,S,¥YNN,H1,6 H10,SL, SG,PVA,V,
& Yl,Y2,X2,YD,YDE, YDN, YEN, FN)
COMMON /TPP/TA,GE, /TPPFIT/A,B.C, /TPEN/NA
INTEGER M,I,K ,N,NA :
DOUBLE PRECISION Tl,S,Hl,SL,SG,PVA.V,Yl,YZ,XZ,YD,YDE,YDN,YEN,
& SEVAL,FN,YNN,R,T,YDT,Y,ELl, YDET, ENO, EN, YNORM, YNS ,DH, T0,H10,X,
+ Q,TA,GE,A,B,C,DEG :
DIMENSION YD(M),YDE(M),YDN(M),YEN(M),FN(M),YNN(M),TA(lG),GE(lG)
DIMENSION A(16),B{(16),C(16)
EXTERNAL THERMO
C WRITE(4, *IM
R=8.314D00
T=273.15D0+T1
DEG=SEVAL (NA, T, TA,GE.,A,B,C)
EVB=SEVAL(NA,T,TA,E,Al,B1,Cl)
EVB=9.0DO*R*T

C Q=1.0D0/ (1.0D0+DEG*DEXP(-EVB/ (R*T})}
c YD({1)=Y1*Q
¥D(1)=Y1*DEG
¥YD(2)=Y2
YDT=YD(1) +¥D(2)
Cc THE CLUSTER DISTRIBUTION (3-MER,4-MER...)
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DO 10 I=3,M
YNS=YNN{I) :
CALL THERMO(I,T1,TO0,PVA,V,H1,H10,SL,SG,S,¥YNS,X,DH)
Y=YD(2)*¥YD(I-1})*X2
YD(I)=Y/(¥YD(L)*X)
¥YDT=YDT+¥YD(I)
10 CONTINUE '
EXCITED MONOMER
El=-4560.181846D0+26.078275D0*T+0.033411D0*T**2.0D0
FN({1}=DEXP({-El/ (R*T))
YDE(1)=Y1-¥YD(1)
YDET=YDE({1)
C EXCITED CLUSTER DISTRIBUTION (DIMER TO M-MER )
DO 20 K=2,M
YNS=YNN (K)
CALL THERMO(K,T1,T0,PVA,V,H1,6H10,SL,SG, S, YNS, X, DH)
ENO=DH/ (R*T)
EN=ENQ+(3.0D00/2.0D00)
FN (K) =DEXP { -EN)
YDE (K) =YD (K} *FN (K]
YDET=YDET+YDE (K)
20 CONTINUE
c NORMALIZATION
YNORM=YDT+YDET
DO 40 N=1,M
YON (N} =YD {N)} / YNCRM
YEN {N)=YDE{N) /YNORM
FN(N)=YEN (N) /YDN (N)
40 CONTINUE
RETURN
END

NO0

C

C cs={(X1*)e=0}/{(X1l*)eq.}
SUBROUTINE BIGS (YON, YOE, YDN, YEN, GN, CS)

INTEGER 1 ‘
DOUBLE PRECISION YON(S).YDN(S).GN(4):SUMO,SUME,CS,YEN(S),YOE(S)
& , SUM02, SUME2
DO 80 I=1,4 :

GN(I})=YEN(I+l)/YEN(I)
80 CONTINUE

SUMO:YON(l)+2.0D0*YON(2)+3.0D0*YON(3)+4.0D0*YON(4)+5.0D0*YON(5)
SUM0O2=YOE (1) +2.0D0*YOE({2) +3.0D0*YOE{3) +4.0D0*YOE (4)
& +5.0D0*YOE (5)
SUME:YDN(l)+2.0D0*YDN(2)+3.0D0*YDN(3)+4.0D0*YDN(4)+5.0D0*YDN(5)
SUME2=YEN (1)+2.0D0*YEN(2)+3.0D0O*YEN(3)
& +4.0DO*YEN(4)+5.0D0*YEN(5)
CS=(YOE(1) /YEN(1)) * ( (SUME+SUME2) / (SUM0O+SUMO02})
RETURN
END
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C
c ——————————————————————————————————————————————————————————————————
C
C }
SUBROUTINE CUBSPL(X,Y,N,A,B,C,S)
C THIS SUBROUTINE COMPUTES THE MATRIX FOR FINDING THE COEFFICIENTS OF
C CUBIC SPLINE THROUGH A SET OF DATA.
INTEGER N,NM1,NM2,I,J,FIRST,LAST
REAL *8 X(N),Y(N),S(N),A(N),B(N),C(N),SMATRX(0:26,4)
+ ,bX1,DY1,DX2,DY2,DXN1,DXN2
REAL H(26)
C
C COMPUTER FCOR THE N-2Z ROWS
C
NM2=N-2
NM1l=N-1
DX1=X{2})-X(1)
DY1=(Y(2)-¥{1l))/DX1*6.0D0
pO 10 I=1,NM2
DX2=X{(I+2})-X(I+1)
DY2={(Y(I+2)-Y{I+1l))/DX2*6.0D0
SMATRX (I, 1) =DXl
SMATRX(I,2)=2.0D0* (DX1+DX2}
SMATRX (I, 3) =DX2
SMATRX (I, 4)=DY2-DY¥1l
DX1=DX2
DY1=DY2
10 CONTINUE
FIRST=2
LAST=NM2

C FOR END CONDITICON=3

80 DX1=X{2})-X(1)
DX2=X(3)-X(2)
SMATRX (1,2)=(DX1+DX2} * (DX1+2.0D0*DX2) /DX2
SMATRX ({1, 3) =(DX2*DX2-DX1*DX1) /DX2
DXN2=X (NM1} -X (NM2) ‘
DXN1=X{N)-X (NM1)
SMATRX (NM2, 1) = (DXN2 *DXN2-DXN1 *DXN1) /DXN2
SMATRX (NM2, 2) = (DXN1+DXN2) * (DXN1+2.0D0*DXN2) /DXN2

PRINT OUT TRIDIAGONAL MATRIX IN COMPACT FORM

DO 11 I = FIRST-1,LAST
II PRINT*, (SMATRX{I,J),J=1,4)

0DOnNao

£ NOW SOLVE THE TRIDIAGCONAL SYSTEM.
DO 110 I= FIRST,LAST
SMATRX (I, 1)=SMATRX(I, 1) /SMATRX(I-1,2)
SMATRX (I,2)=SMATRX(I,2)-SMATRX(I,1)*SMATRX(I-1,3)
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SMATRX (I, 4)=SMATRX(I,4)-SMATRX(I,1)*SMATRX(I-1,64d}
110 CONTINUE

C NOW WE BACT SUBSTITUTE
SMATRX (LAST, 4) =SMATRX (LAST, 4) /SMATRX {LAST, 2)
DO 120 J=LAST-1,FIRST-1,-1
SMATRX (J, 4) = { SMATRX (J, 4) -SMATRX (J, 3) *SMATRX (J+1,4))
+ /SMATRX (J, 2)
120 CONTINUE
c
C NOW PUT THE VALUES INTO THE S VECTOR
c
DO 130 I=FIRST-1,LAST
S(I+1)=SMATRX(I,4)
130 CONTINUE

c GET S(1) AND S(N) ACCORDING TO END CONDITIONS
S(1l)={(DX1+DX2) *S(2)-DX1*S(3)) /DX2
S (N) = ( {DXN2+DXNL1) *S (NM1} -DXN1*S (NM2) ) /DXN2

c

C WRITE OUT COEFFICIENTS OF THE POLYNOMIALS
Cc

c PRINT 99

c99 FORMAT(/T2,60(***)//T1l0, 'THE CUBIC POLYNOMIALS, G(X)'
C +, 'DEFINED ON THE INTERVALS',//)
c PRINT 101
DO 200 I=1,N-1
H(I)=X{I+1)}-X(I)
A{I)=(S(I+1)-S(I}}/(6.0DO*H(I)}
B(I}=S(I)/2.0D0

C(I)=((Y(I+l)—Y(I))/H(I))-((2.0D0*H(I)*S(I)+H(I)*S(I+1))/6.0D0)

c PRINT 102,I,A(I),B(I),C(I),Y(I)

c101 FORMAT(TS,'I',T17,'I’',T27,'B’,T37,'C’',T47,'D"/)

C102 FORMAT(TS,Il1,T12,F8.4,T22,F8.4,T32,F8.4,T42,F8.4)
200 CONTINUE

RETURN
END
c
C
REAL FUNCTION SEVAL(N,U,X,Y.,A,B,C)
INTEGER N
REAL*8 U,X(N),Y(N),B(N),C(N}),A(N}
Cc

¢ THIS SUBROUTINE EVALUATE THE CUBIC SPLINE FUNCTION
c SEVAL:Y(I)+C(I)*(U-X(I))+B(I)*(U—X(I)**2+A(I)*(U-X(I))**3
C

INTEGER I.,J.K

REAL*B DX
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noo

10

SAVE I

paTa IL/1/
IF {I.GE.N) THEN
I=1
END IF
IF (U.GE.X(N)) THEN
DX=U-X(N-1}
SEVAL:Y(N-1)+DX*(C(N-l)+DX*(B(N-1)+DX*A(N—1)))
RETURN
ENDIF

IF(U.GE.X{I)) THEN
IF(U .LE. X(I+l)) THEN
DX=U-X(TI}
SEVAL=Y (I)+DX*{C(I)+DX*(B(I)+DX*A(I)))
RETURN
END IF
ENDIF
I=1
J=N+1
K=(I+J}/2
WRITE(8,*)K
IF{U .LT. X(K)) THEN
J=K

ELSE
I=K
END IF
IF {J .GT. I+l) THEN
GOTO 10
ELSE

EVALUATE SPLINE

DX=U-%(T)
SEVAL=Y (I)+DX* (C(I}+DX*(B(I)+DX*A{I)))
RETURN
END IF
END
RETURN
END
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Appendix 9. Computer code: INTEGRAL FORTRAN

C THIS IS MODIFIED ODEl FORTRAN. dT/dt' 1is included as YPRIME({l2}.
INTEGER NEQ, NPARAM
PARAMETER (NEQ=12, NPARAM=50)

INTEGER IDO, IEND, IMETH, INORM, IATYPE, MTYPE, MXSTEP
, N,I,NO,MITER,NLIMIT, MAXORD ,NA
REALL *8 A(l,l),PARAM({NPARAM},TOL,X,XEND,Y (NEQ), HMAX,
al,B, Y10, SAT,T, TYPRIM,DLCT,T0(30),20,¥12,K5(3),
KF(5) , ZND, 2Z, YT, HINT, TINI, KS1E,KS2E, E1S, E28
, TIME .G5(30).G2(30).G3(30).G1(30).B8(30),Fl(30).F2(30),
K2F, F3(30),F4{(30},F5(30) ,TH{30) ,HV(30),PVA(30),VL(30)
,CINI .VG,HL,HG.SL,SG,SO(BO).HTRIAL,WM,SATT.YDOT(12).
PPOST, ENERG,THH(5),HE(S) ,TA(16),GE(16) , TOLR, BETA, SIG
CHARACTER*14 CHECK / ' I COME HERE '/

-

e

TH IS TEMPERATURE; HV IS THE ENTHALPY OF EVAPORATION DATA
AT CORRESPONDING T IN J/MOL; NO IS DIMENTION OF ARRAY

COMMON /ENTHA/TH,HV, PVA,VL,NO
Z0 IS INITIAL MOLE FRACTION OF argon.
COMMON /MIX/Z0,BETA

Nn O00O0

T0 IS TEMPERATURE DATA;G2(N),...G5(N) ARE G{2),6(3)... G{5) IN ODES;
NIS THE ARRAY DIMMENSION OF G2 (N),G3(N}); F1(N),...ARE
F(1},F(2)...F(5) _

C BS CORRESPONDS TO S IN QODES

e XN

(9]

COMMON /GNDATA/T(,G2,G3,G4,G5,BS,N
COMMON /FNDATA/Fl1,F2,F3,F4,F5

IS KS(1);D IS KS(2); E IS KF(2); TINI IS INITIAL TEMPERATURE
Al IS EXPONENTIAL PARAMETER OF KS(I) AT TINI; TE IS EQULIBRIUM TEMP.
B IS EXPONENTIAL PARAMETER OF KF(I}.

COMMON /AB/Al,B,/YS/Y10,/KK/KS,KF
KS1E AND KS2E ARE KS(1l) AND KS(2) AT EQUILIBRIUM TEMPERATURE;

E1S AND E2S ARE EXPONENTIAL PARAMETER FOR KS(1) AND KS(2)
AS FUNCTION OF TEMP.

NN NnOoon

COMMON /KE/ KS1E,KS2E,ELS,E2S,Y12
COMMON /HH/THH, HE
COMMON /DEGNAC/TA,GE, /DEGN/NA

SAT IS SUPERSATURATION AND T IS TEMPERATURE
EXTERNAL FCN,DIVPAG,SSET,UMACH.PARAFG,PARAKF,FCNJ,SPLFIT,YZERO
. INITIALIZE
BS=8={X1)T=0/(X1)EQ.
HINT=1.0D-12
MXSTEP=1000000000
INORM=2
MITER=2
C FOR Gear methad MAXORD= 5 IMETH=2 ; For aAdams methad MAZORD=12

nno 00
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¢ IMETH=1

N0

00

888

Y12

MAXORD=4

IMETH=2

IATYPE=0

MTYPE=0 .
HMAX=0.0D-0

HTRIAL=0.0D0

CALL SSET(NPARAM,(0.0,PARAM,1)
PARAM(1)=HINT

PARAM(3) =HMAX

PARAM(4)=MXSTEP

PARAM{6) =MAXORD

PARAM(10)=INORM

PARAM(12) =IMETH

PARAM(13)=MITER .
PARAM(14)=MTYPE

PARAM(1B)=EPSJ

PARAM(31)=HTRIAL

PARAM(19)=1IATYPE

READ THE DATA IN

NLIMIT=900

TINI=293.3D0

READ (5, *)SAT,Y(11),¥(12), PPOST
READ(5, *)Al, B, TOLR,K2F
READ(S, *)KS1E, KS2E,E1S,E28
READ({S, *) {Y(I),I=1,5)
READ(S,*) (Y(I),I=6,10)
NO=30

N=30

20=0.0D0

BETA=1.0D-3

, THE INITIAL VALUE OF Y(12), IS THE TEMPERATURE AT WHICH THE
INTEGRATION START. it is used in calculation of KF{il.

viz= ¥{1l2)

READ{3, *)

READ(3,200) SATT
IF (ABS{SATT-SAT) .GE. 1.0D-3) THEN
WRITE(8, 888)

FORMAT( 'CHECK THE SAT IN DATA FILE') -

END IF

po 8 I=1,N
READ(3,300)T0(I),G2(I).G3(I).G4(I);G5(I),BS(I)

NA=16

READ(1,*)

DO 6 I=1,NA
READ(1,*)TA(I) ,GE(I)
WM=137.39D-3

READ (4, *)

READ({4,*)

READ (4, *)

C PVA IS VAPOR PRESSSURE IN Pa. V1 is mole volume in M**3/mol
C Hv is enthalpy of evaporation inj/mol;S0 evaporation entropy j/molK

DO 12 I=1,30
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READ(4,400)TH(I),PVA(I),VL(I),VG,HL,HG,HV(I), 8L, 5G
TH(I)=TH(I)+273.15D0
PVA(TI)=PVA(I)*1.0D0S
VL(I)=VL{I)*WM*1.0D-03
HV(I)=HV(I)*WM*1,0D03
S0(I)=(SG-SL)*WM*1.0D03

C WRITE(8,*}I
12 CONTINUE
READ (2, *)
READ(2, *)
DO 9 I=1,N
9 READ(2,300)T0(I),F1(I},F2{I),F3(I),F4(I) ,F5(I}
C INPTERPRETE THE F(I), G(I) ,S , EVIE AND THERMODYNAMIC DATA
CALL SPLFIT '
¢ CALCULATTHE INITIAL VALUES OF ¥(I) I=1 .. 10
CALL YZERO({TINI,BVA{l),VL(1),HV{(1),S0(1),SAT, Y)
C Y10 is the mole fraction of excited monmer at initial condition, a
C CONSTANT USED IN ODES.
Y10=Y (6)
C CINI IS THE INITIAL CONCENTRATION OF EXCITED MONOMER IN MOL/LITER
C PPOST IS THE POST SHOCK PRESSURE.
CINI=Y10*PPOST/(760.D0*0.082056826*Y12)
C WRITE(8,152)Y

152 FORMAT(SE14.5/5E14.5)
1D0=1
103 FORMAT(5D14.5)
C X IS THE INITIAL TIME WHEN INTEGRATION START.
X =0.0D0
TOL=TOLR

00 FORMAT({4D12.4)
. WRITE TITLE

WRITE(6,800)AL;,B,C,D

WRITE (6,801)C,D

WRITE(7,800)SAT,T,Al,B

WRITE(7,801)C,D

WRTTE (4,800) SAT,T,Al,B

WRITE (4,801)C,D

CALL UMACH (2, NOUT)

WRITE (10,96)

WRITE (9,99)

WRITE (7,98)

WRITE(8, *) THH, HE
ZND=-11.0D0
XEND =0.0D0

-

NnaOoOONOOOO0nn

C INTEGRATE QDE
DO 10 IEND=1,7000
IF (XEND .LE. 0.1D-3) THEN
ZND=2ZND+1.0D-2
ZZ=DEXP (ZND)
XEND=ZZ
ELSE IF (XEND .LE. 5.0D0) THEN
XEND=XEND* (1.0D0+0.035D9Q)
ELSE
Cc WRITE(8 ,1) CHECK
XEND=XEND* (1.0010+0.25D-0)
END IF
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c 10 CONTINUE
C WRITE(8,*) XEND

CALL DIVPAG (IDO,NEQ,FCN,FCNJ, A, X, XEND, TOL, PARAM, Y)
CALCULATION THE YPRIME AT POINT XEND.

CALL FCN (NEQ, XEND, Y, YDOT)

C WRITE(8,*) YDOT
c WRITE(8,*) PARAM({31), PARAM(3)
C TYPRIM=YDOT (1) +2.0D0*YDOT(2)+3.0D0*YDOT(3)+4.0D0*YDOT (4) +
C & 5.0D0*YDOT(5)+1.0D0*YDOT(6) +2,0D0*YDOT(7)
C & +3.0D0*YDOT(8}+4.0D0*YDOT {9} +5.0D0*YDOT(10)
C YT=Y (1)+¥Y(6)+2.0D0* (Y (2)+¥(7})+3.0D0*(Y({3)+¥Y(8))

& +4.0D0* (Y {4)+
C & Y(9))+5.0D0* (Y (5)+¥(10))

YTLI=Y (L) +Y(6) +(Y(2)+Y (7)) +{Y(3)+Y(8) )+ (Y (4)+
& Y(9))+(Y(5)+¥(10))

SIG=(-YDOT(12) /(Y (12)**2)) *CINI*K2F

C TIME IS IN GAS TIME SCALE IN SECOND.
TIME=X/{CINI*K2F)

C DLCT = YPRIME(1l1)

C DLCT=(-TYPRIM*Y(1ll) /YT)
WRITE(9,990) TIME,Y(1l),Y¥(2),¥(3),Y(4),Y(5)}
WRITE(7,990) TIME,Y(6),¥(7),¥(8),Y(9),Y(10}

cC WRITE(11,999)X, PARAM(31}, PARAM(33), PARAM(10)
c & KF(5)
WRITE(11,999)TIME,KS . KF

WRITE(10,997)TIME,YDOT(11),¥{11),YDOT(12) *CINI*K2F,¥(12),¥Tl
WRITE(12,966)X,SIG, TIME

C
c
ENERG=Y (1) *THH({1) +Y (2) *THH (2} +¥ (3) *THH(3)
+ +Y{4)*THH(4)+Y (5) *THH(S) +
C + Y(6)*HE(1l)+Y (7)*HE(2)+Y(8) *HE(3)+Y (9) *HE(4)+¥(10) *HE(5)
C
IF (TIME*1.0E6 .GT. 200.00) GOTO 666
10 CONTINUE
c FINISH UP
IDO=3
CALL DIVPAG(IDO,NEQ,FCN,FCNJ,A, X, XEND, TOL, PARAM, Y}
c
96 FORMAT{6X, 'time’,8X, 'd{c/c0}/d4t’,8%X,'c/cO’, 10X, 'dT/dt ',
& 10X, 'TEMPERATURE‘, 3X, ‘sum of ¥(i)‘)
99 '
FORMAT(6X, 'time’, 12X, 'Y (1} ,10X, 'Y (2)',11X, 'Y(3}',11%,'¥{4) ', 11X,
' & 'Y(5)')
98
FORMAT (6X, ‘time’, 10X, *Y(1)*', 10X, ‘Y(2)**, 10X, 'Y (3)*’,10X, 'Y {4)*"’
& . 10X ,'¥Y(5)*'}

1 FORMAT ({A20)

999 FORMAT(D13.4,5D15.6/5D15.6)
990 FORMAT(D13.4,5D15.6)

997 FORMAT(D16.6,5D16.6)

800 FORMAT/(’'SUPERSATURATION = ',F5.1,5X, 'TEMPERATURE = ' ,F7.2, 1X,
& 'K',3X, 'A = ',E13.4,3X,'B = ',E13.4)
801 FORMAT{'KS(l) = ',E13.4,4X,' KS(2) = ',El3.4)

300 FORMAT(F8.2,5E23.15)
400 FORMAT(D13.4,8D14.5)



C
Cc
C
C
C
C
c
Cc
c

nonn

500 FORMAT({10EL3.4)
200 FORMAT (D14.4)
966 FORMAT (3D14.4)
666 STOP -

END

SUBRQUTINE FCN (NEQ,X.Y.YPRIME)
COMMON /YS/ Y60, /KK/ KS,KF
COMMON /TOFCN/G,F,S, /DHCP/DELTH,CP,DH
COMMON /MIX/20,BETA
INTEGER NEQ
REAL *8 X, Y (NEQ) ,YPRIME (NEQ)} ,KS(5) ,KF(5}),F(5),G(5),85,Y60,
& LNY ,DCDT,TYPRIM ,DELTH(4),CP(10},DH(5),20,CPAR
& TA
CPAR=5.0D0*8,314D0/2.0D0
DH(n}=H*({n)-H(n}; DELTH (n)=H(n) +H* (1) -H*{n+1}
WRITE(8,*)DH
WRITE(B,*)}G,S
WRITE(8,*)F

CALCULATE THE PARAMETER FN(I),GN(I) ,S FOR ODES;
CALL PARAKF (Y (12))
CALCULATION KS(I) AND KF{I) FOR ODES;
CALL PARAFG(Y(1l2))

CALCULATE THE CP(I) AND DELTH(I) FOR YPRIME(12) (dT/dt’)
CALL DTDT(Y(12})

YPRIME (1) =KS (1) * (BETA*Z0+Y (11)/Y60) * (Y(6)-F (L) *Y (1))
$Y (1) *(KF(2)*{Y(6)*Y(6) *Y(L1l) /Y60-Y(T7)/(S*G(2}))
+KF(3) * (Y{2)*Y (6)*Y(11)/Y60-Y(8)/(S*F(2)*G(3)))
+KF(4)* (Y (3)*Y(6)
*(Y(11)/Y60)-Y{9)/(S*F(3)*G{4))}+KF{S5) *{Y (4} *Y(6)*(Y(11)/Y60)
Y {10} /({S*F(4)*G(5))))
YPRIME{2)=KS(2) * (BETA*Z0+Y (11) /¥Y60) * (Y (7)-F(2) *¥{(2) } -KF {3) *(
Y(2)*Y(6)*Y({11) /Y60-Y(8) /(S*F(2)*G(3)))
+Y(2)* (KF(2) * (Y{6)*Y(6) *Y {11) /Y60-Y(7}/(S*G(2)))
+KF3)* (Y (2)*Y(6) *Y{11) /Y60-Y(8)/ (S*F(2)*G(3)))+
KF(4)*(Y{3)*Y(6)
*(Y(11)/Y60)-Y{9)/(S*F(3)*G(4}))+KF(5) *(Y(4)*Y(6)*(¥(11l)/Y60)
-¥(10) / (S*F{4)*G(5))))
YPRIME (3)=KS(3) * (BETA*Z0+Y(11) /Y60) *(Y(8)-F{3)*Y(3)) -KF(4)*(
Y(3)*Y(6)*Y(11)/¥Y60-Y(9)/{S*F(3)*G({4)))
+Y(3) *{KF(2)* (Y (6)*Y{6)*Y(11)/Y60-Y(7)/(8*G(2})}
+KF(3)*{Y(2)*Y(6) Y(L11) /Y60-Y(B)/(S*F(2)*G(3)))
+KF(4) * (Y (3)*Y(6) ' *
*(Y(11)/Y60)-Y(9)/(S*F(3)*G(4) )} +KF(S5)*(Y(4)*Y(6)*(¥Y(1l)/¥60}
-Y(10)/(S*F(4)*G(5))))
YPRIME (4} =KS (4) * (BETA*Z0+Y (11) /¥60)* (Y (9)-F(4)*¥(4))-KF(5) *{

R RRRRR

RO RRR

& Y(4)*Y(6}*Y(11) /Y60-¥(10)/(S*F(4)*G(5)))
& +Y(4)*(KF(2)*(Y(6)*Y(6) *Y {11} /¥60-¥(7}/(S*G(2)))
& +KF (3)*(Y(2)*Y(6) *Y(11) /Y60-Y(8) /(S*F(2)*G(3)})
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& +KF{4) * (Y (3)*Y(6)
& *(Y(ll)/YGO)—Y(9)/(S*F(3)*G(4)))+KF(5)*(Y(4)*Y(S)*(Y(ll)/YGO)
& -Y(10)/(S*F(4)*G(5)}))
YPRIME (S} =KS(5) * (BETA*Z0+Y (11) /¥60) * (¥ (10)-F(5) *¥(5))
& +Y(5)* (KF(2)* (Y(6)*Y(6) *Y{11) /Y60-Y(7)/(S*G(2)))
& +KF({3)*(Y{2)*Y(6)*Y(11)/¥Y60-Y(8)/(S*F(2)*G(3)))
& +KF(4)* (Y{(3)*Y(6)
& *(Y(ll)/YGO)-Y(9)/(S*F(3)*G(4)))+KF(5)*(Y(4)*Y(6)*(Y(11)/Y60)
& -Y{10)/(S*F(4)*G(5))))
YPRIME(6) =(~KS (1) * {BETA*Z0+Y¥Y (11} /¥60)) * (Y (6} -F(1)*¥Y (1))~ KF (2} *(
& Y(6)*Y(6)*Y{11)/Y60-Y(7)/(5*G(2)))
& +(Y{6)-1) *(KF(2)* (Y (6)*Y(6) *Y (11} /Y60-Y (7} /(S*G(2)})

+KF(3)*(Y(2)*Y{6)*Y(11)/Y60-Y(8) /{S*F(2)*G(3)))
+KF(4)* (Y (3) *Y(6)
«(Y(11) /¥60)-Y(9)/(S*F(3)*G{4)))+KF(5)* (Y (4)*¥Y(6)*(¥(11)/Y6Q)
-Y(10)/ (S*F(4)*G(5))))
PRIME(7)=KF (2} * (Y (6) *Y(6) *¥(11) /Y60-Y(7}/(S*G{2)))-K8(2)*
(BETA*Z0+Y (11} /Y60) * (Y {7} -F(2)*Y(2))
+Y (7)) * (KF(2) *(Y(6) *¥(6) *¥Y(11) /Y60-¥(7)/(S*G(2)))
+KF(3)* (Y (2)*Y(6) *Y (11) /¥Y60-Y(8)/ (S*F(2)*G(3)))
+KF (4) *{Y(3)*Y(6)
*(Y(L11)/Y60)-¥(9)/(S*F(3)*G(4)))+KF(5)* (Y (4)*Y (6} *(¥Y(11)/¥60)
-¥(10)}/{S*F(4)*G(5))))
PRIME (8) =KF (3) * (Y (2) *Y(6) *Y (11) /¥Y60-Y(8)/ (S*F(2) *G(3)))-K5{3)*
{(BETA*Z0+Y(11) /Y60) *(Y(8) -F(3) *¥(3))
+Y(B) * (KF(2) * (Y(B)*Y{6) *Y(11)/Y¥Y60-Y(7)/(S*G(2)))
+KF (3} * (Y(2)*Y(6) *Y (11) /Y60-Y(8)/(S*F(2}*G(3}))
+KF (4) * (Y {3) *Y (6)
*(Y(11)/Y60)-Y{9)/(S*F(3)*G{4)))+KF(5)* (¥ (4)*Y(6)*(¥(11)/Y60)
-Y{(10) /(S*F{4)*G(5})))
PRIME (9) =KF (4) * {¥Y (3) *Y(6) *Y(11) /Y60-Y (9} /(S*F(3)*G(4)))-KS(4)*
(BETA*Z0+Y(11) /¥60}* (Y (9)-F(4)*Y(4))
+Y(9) * (KF(2)* (Y (6) *Y(6) *¥Y(11) /¥60~-¥(7)/(S*G(2)))
+KF(3)* (Y(2)*Y(6)*Y(11) /Y60-Y(B)/(S*F(2)*G(3)))
+KF (4) * (Y{3) *Y (&)
*(Y(11)/Y60)-Y(9) / (S*F(3) *G(4)) ) +KF (5) * (¥ (4) *¥Y (6) * (Y (11) /Y60)
-Y(10)/(S*F{4)*G(5)))) ’

KRR R

KRR

PR RRKRRRRRR

YPRIME (10) =KF(5) * (Y (4} *Y({6) *Y(11) /Y60-Y (10)
/(S*F(4)*G(5)}))-KS(5)*
(BETA*Z0+Y (11) /¥Y60) * (Y (10) -F(5) *¥(5))
+Y({10)* (KF(2) * (Y (6)*Y(6) *Y (11) /¥Y60-Y (7)/ (8*G(2)))
+KF(3)*(Y(2)*Y(6) *Y(11) /Y60-Y(8)/(S*F(2)*G(3)))
+KF({4)*{¥{(3)*Y(6) :

*(Y(11)/Y60)-Y(9) /{S*F(3)*G(4)))+KF(5)* (Y (4)*Y(6)*(¥(1l1)/Y60)
-Y({10)/(S*F(4)*G(5))))
C yprime(ll) = d4(c/c0)/dc’

YPRIME(11)=(-Y (11) * (KF(2)*{¥Y(6)*Y(6)*Y(11) /Y6C-Y(7)/(S*G(2)))

PR RRRN

+KF (3)* (Y (2)*Y(6)*Y{11)/Y60-Y{B)/{S*F(2) *G(3))}
+KF{4)* (Y (3) *Y(6)
*(Y(11)/Y60)-Y(9)/(S*F(3)*G(4}))+KF(5) * (¥ (4) *¥Y(6) *(¥(11)/¥60)
-Y{(10)/(S*F{4)*G(5}}))}

R R R

C YPRIME(12) = dT/dt’'; CPAR is heat capacity of diluent i.e. argon.
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YPRIME(12) = {(DH(1)*KS{1}*(Y(6)-F(Ll)*Y (1)) +DH(2)} *KS(2) * (Y{7) -

& F(2)*Y(2))+DH(3) *KS (3} * (Y (8)-F(3)*Y(3))+DH (4} "
& KS{4)*(Y(9)-F(4)*Y{4))+DH(5) *KS {5} * (Y (10) -F(5) *¥{5)))*
& (BETA*Z0+Y (11) /Y60)+DELTH (1) *KF {2} * (Y (6) *Y (6} *Y (11} /Y60-Y(7)/
& {8*G(2)) ) +DELTH{2) *KF (3) * (Y {2) *Y (6)*Y{(11) /¥Y60-Y(8B)/
& (S*F(2)*G(3)) ) +DELTH(3) *KF (4) * (¥ (3) *Y (6)
& *(Y{11)/Y60)-Y(9)/{(S*F(3)*G(4)}}+DELTH(4)*
& KF(S)* (Y (4) *Y{6) *{Y(11) /¥Y60}-Y(10)/(S*F{4)*G(5) 1))/
& (Y(1)*CP(L)+Y(2)*CP(2)+Y(3)*CP(3)+Y (4} *CP(4)
& +¥(5)*CP{5)
& +Y (6) *CP(6) +Y (T)*CP (7)+Y(8) *CP(8) +Y(9)*CP (9} +
& Y(10)*CP(10) +20*¥60*CPAR/Y{11})
C WRITE(8, *) YPRIME

100 FORMAT(5D12.4)
RETURN
END

C IN YZERO THE S0 IS THE ENTROPY OF EVAPORATION
C S IS THE SATURATION DEGREE
SUBROUTINE YZERO(T,PVA,V,H1,80,5,YON)
COMMON /DEGNAC/TA,GE, /DEGN/NA, /DEGFIT/ AG,BG,CG
DOUBLE PRECISION YO(S5),YOE(5),FN(5),YON(10),A0(5),Q,SEVAL,
& X,S.ENO.DH,El.R,T,YT,YOT,YOET,EN.PVA,V,Hl,SO,AA(G).YOP,
% TA(l6)},GE(16),AG(16),BG(1l6),CG(16) ,AE(16),DEG,EVB
INTEGER NDEG,M,N,I,J,K,NA
PARAMETER {(NDEG=5)
EXTERNAL DZPORC, THERM
COMPLEX*16 Z(5)
Cc WRITE(8,150) T,PVA,V,H1,50,8
150 FORMAT (SE13.4/5E13.4)
C M is the biggest cluster size
M=5
N=M+1
R=8.314D0
AA(l):-l.ODO
AQ0(1)=1.0D0
DO 10 I=2,M
CALL THERM(I,T,PVA,V,H1,50,S,X,DH)
AQ(I}=RA0(I-1)/X
C WRITE(8,*}X,A0(I)
10 CONTINUE
DO 30 J=2,6
AA(J)=A0{JT-1)
30 CONTINUE
CALL DZPORC {NDEG, AA,2Z)
YOP =REAL{Z (1))
DEG=SEVAL (NA,T,TA,GE, AG, BG, CG)
EVB=9*R*T
C Q=1.0D0/(1.0D0+DEG*DEXP(-EVB/(R‘T)))
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0O n

20

YO{L)=YOP*DEG

EXCITED MONOMER
El1=-4560.181846D0+26.078275D0*T+0.033411D0*T**2.0D0
FN(1l})=DEXP{~E1l/(R*T))

YOE(1)=YO (1) *FN(1l)

CALCULATION OF EXCITED MONOMER

YOE(1)=YOP-YO (1)

YOE (1)=YOP*DEG*DEXP (-EVB/ (R*T)) /Q
YOET=YOE (1)

YOT=YO(1l)

EXCITED CLUSTER DISTRIBUTION (DIMER TO M-MER )
DO 20 K=2,5

YO({K) =A0 (K) *¥O(1) ** (K)
YOT=YOT+YC (K)

CALL THERM(K,T,PVA,V,Hl,S0,5,X,DH}
ENO=DH/ (R*T)

EN=ENO+ (3.0D0/2.0D0)

FN(K) =DEXP{-EN)

¥YOE (K) =YO (K) *FN (K)
YOET=YQET+YOE (K)

CONTINUE

C NORMALIZATION

c

50

YT=YOET+Y¥OT

Do 50 L=1,5
¥YON({L)=YO(L) /YT
YON (5+L) =YOE(L) /YT
CONTINUE
WRITE(8,200)YON

200 "FORMAT(5E14.5/5E14.5)

RETURN

SUBROUTINE THERM(N, T, PV ,VOL, HO0,S0,S,X,DH)
INTEGER N,N1,NA
DOUBLE PRECISION S,X,DH,R,EP,WM,TB,T,PV,P, SEVAL,

& VOL,HO,S0,PARA,DS,DG,DNS,DGL,DH1,DN ,HELl,HUE,HUEQ, EVB

R=8.314D00
EP=R*399.0D0
WM=137.39D-3
TB=296.85D00
P=PV

C PARA= a**4; a=eta/r(

C

c

PARA=2.45D0**4

PARA=(2.0D0* {HO+P*VOL-R*T) /EP+1.0D0} ** (4,0D0/3.0D0}
EVB=9*R*T

HE1=DBLE({4) *R*T+(EP/2.0D0) * (PARA**(3.0/4.0)-1.0D0) +EVB

IF (N .LE. 2)THEN

HUE= (12 .0D0*DBLE (N) -2 .0D0) *R*T+ (EP/64.0D0) * {(18.0D0*DBLE (N) **{
& 2.0D0/3.0D0)-PARA** (1.0D0/2.0D0))*PARA
DH=2,0D0*HE1-HUE ’

DH=2.DO0* (HO+P*VOL+R*T) ~-EP*PARA* (28.6-PARA**(0.5D0) /6.4D01
DS=S0+R*5,0D0*DLOG{0.5D0) -R*DLOG(S)
DG=P*VOL+3.0D0*R*T+ (EP/2.0D0) * (PARA** (3,0/4.0)-1.0D0)

k- (EP/64.0D0) *PARA (18.D0*2.0D0**{2.0D0/3.0D0)-PARA** (0.5D0})
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&-R*T*S5.0D0*DLOG{0.5D0) -R*T*DLOG (P*0.986842105D-5)
ELSE )

N1l=N-1

DN=DBLE(N)**(2.0D0/3.0D0)-DBLE(N1}**(2.0D0/3.0D0Q)
DH=HO+P*VOL-9.0DO*EP*PARA*DN/32.0D0
HUEQ=(12.0DO*DBLE (N1)-2.0D") *R*T+ (EP/64.0D0) * (18.0DCO*DBLE (N1) **

& {(2.0D0/3.0D0) -PARA**(1,0D0/2.0D0) ) *PARA
HUE=(12.0DO*DBLE(N) -2.0D0) *R*T+ {EP/64.0D0) * (18.0D0*DBLE (N) ** (
& 2.0D0/3.0D0) -PARA**(1.0D0/2.0D0) } *PARA

DH=HUEO+HE1-HUE

DNS= (DBLE (N1} /DBLE {N} ) ** {3+N)

DS=S0+R*DLOG (DNS} -R*DLOG (S)

DG=P*VOL-R*T*DLOG (P*0.986842105D-5)-9.0D0/32 .DO*EP*PARA*DN
& -R*T*DLOG (DNS)

END IF

DG1=(DG/ (R*T})

DH1=(1.0D0/T-1.0D0/TB) *HO/R

X=(DEXP(-DG1) )/ (S*DEXP(-DH1) )

WRITE(4,*)X

RETURN

SUBROUTINE PARAFG (T)
INTEGER N
DOUBLE PRECISION
1 T0{30),65(30),G2(30),G3(30) ,G4(30},BS(30},FL(30),F2(30)},
1 F3(30),F4(30),F5(30),G5A(30),G5B(30),G5C{30),G2A(30),G2B(30)
L ,G2C(30),G3A(30),G3B(30},G3C(30),G4A(30),G4B(30)},
1 G4C(30),BSA(30),BSB(30),BSC(30),F1A(30),F1B{30)
1,F1C(30),F2A(30),F2B(30},F2C(30),
1 F3A{30),F3B(30),F3C(30),F4A(30),F4B(30),FAC(30),F5A(30),F5B(30)
1 ,F5C(30),G(5),F(5),BST,T ,SEVAL
COMMON /GNDATA/TO0,G2,G3,G4,G5,BS,N
COMMON /FNDATA/FL,F2,F3,F4,F5
COMMON /GNFIT/GSA,GSB,GSC,G2A,G2B,G2C,G3A,G3B,G3C,G4A,G4B,G4C
COMMON /FNFIT/FlA.F1B,FiC,F2A,F2B,F2C,F3A,F3B,F3C,F4A, F4B,F4C,
1 F5A,FSB,FSC
COMMON /BSFIT/BSA,BSB,BSC
BST IS $ IN SUBROUTINE FCN
CCMMON /TOFCN/G,F,BST
BST=SEVAL (N, T,T0,BS,BSA,BSB,BSC)
G{2)=SEVAL(N,T,T0,G2,G2A,G2B,G2C)
G(3)=SEVAL(N,T,T0,G3,G3A,G3B,G3C)
G(4)=SEVAL(N,T,T0,G4,G4A,G4B, G4C)
G(5)=SEVAL(N,T,T0,G5,G5A,G5B, G5C)
F(l)=SEVAL(N,T,TO,Fl,F1lA,F1B,F1C)
F{2)=SEVAL(N,T,T0,F2,F2A,F2B, F2C)
F(3)=SEVAL(N,T,TO,F3,F3A,F3B,F3C)
F(4)=SEVAL(N,T,T0,F4,F4A, F4B, F4C}
F{5)=SEVAL(N,T,T0,F5,F5A, F5B, F5C)
WRITE(11,300)T.G(2),G(3},G(4),G(5),BST
WRITE(1l,300)T,F
WRITE(9,400)T,Hl
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300 FORMAT(F8.2,5E15.6)
400 FORMAT(El4.5,E15.6)
RETURN
END

SUBROUTINE FCNJ (NEQ,X,Y,DYPDY)

INTEGER  NEQ

DOUBLE PRECISION X,Y (NEQ) , DYPDY (*)

COMMON /AB/ Al, B,C,D, /YS/ Y10,S, // F,G,/CLNY/ LNY,TYPRIN,
& /KK/ KS,KF,DCDT

RETURN

END

DELTH (N) =H {(N) +H* (1) -H* (N+1} ;DHE=H(N)* -H(N)
H(N)* IS ENTROPY OF EXCITED N-MER; H(N) IS FOR UNEXCITED N-MER
subroutine DTDT calculate the DELTH(4),DH(5) and Cp(S5) for ¥(12)

SUBRQUTINE DTDT(T)

COMMON /ENTHA/TH,HV,PV,VL,NO

COMMON /ENFIT/HA,HB,HC,PA,PB,PC,VA,VB,VC

COMMON /DHCP/DELTH,CP,DHE

COMMON /HH/H,HE

REAL *8 CP(10),H{S), EP,T,HVAP,PARA,R,DHE(5),DH,EL, PVAP,VLIQ,

& TH(30) ,HV(30),HA(30) ,HB{30) ,HC(30) ,DELTH(4),DH2, DN
& ,PV(30),PA(30),PB(30),PC(30),VL(30),VA(30),VB(30),VC(30)
& : SEVAL,HE(5)

INTEGER I,J,NO,NI,NIl,NA

R=8.314D0

EP=R*399.0D0
ENTHALPY OF EVAPRATION IN J/mol; Pvap in Pa; vliqg in M**3/mol
HVAP=SEVAL (NQ, T, TH, HV, HA,HB, HC)
PVAP=SEVAL (NO, T, TH, PV, PA, PB, PC)
VLIQ=SEVAL(NO,T,TH,VL,VA,VB,VC)
WRITE(S8, *)HVAP, PVAP,VLIQ
PARA = A=ETA/RO
PARA=(2.0D0* (HVAP+PVAP*VLIQ-R*T) /EP+1.0D0)**(1,0D0/3.0D0)
PARA= (2 .0DO*HVAP/EP+1.0D0)**(1.0D0/3.0D0)
PARA=2.450D0
WRITE(8, *) PARA,T
THE DHE(I) IS THE ENERGY DIFFERENCE BETWEEN THE EXCITED AND
UNEXCITED
N-MER

E1=9*R*T
El=-4560.181846D0+26.078275D0*T+0.033411D0*T**2.0D0
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CALCULATION THE H{I) THAT IS THE ENTHALPY OF UNEXCITED CLUSTER

H{1)=DBLE(4) *R*T+( {(EP/2.0D0) * (PARA**3-1.0D0}}

DO 20 J=215
H{J)=(12.0D0*DBLE(J)-2.3D0)*R*T+ (EP/64.0D0}* (18.0D0*
+ DBLE(J)**(2.0D0/3.0D0) ~PARA**2) *PARA**4

20 CONTINUE
CALCULATE ENTHALPY FOR EXCITED CLUSTER
HE{1l)= H(1l)+El
HE(2)=2.0DO*HE(l) +1.5*R*T
HE{3)=H(2)+HE(1)+1,5DO*R*T
HE(4)=H(3)+HE(1)+1,5DO*R*T
HE{5)=H{4}+HE(1)+1.5D0*R*T
CALCULATION THE DHE(1l) TO DHE(5)
DHE(1)=El
DO 22 I=2,5
DHE(I)=HE(I)~H(I)
22 CONTINUE
CALCULATION OF HEAT ‘CAPACITY OF UNEXCITED CLUSTER
" CP{1)=4.0DO0*R
DO 10 I= 2 ,5
CP{I)=(12.0D0*DBLE(I)~2.0D0)*R
10 CONTINUE
WRITE(8,*)CP
THE HEAT CAPACITY OF EXCITED CLUSTER
CP(6)= CP(1)* = CP(l) + DE(1)*/DT =4*R+26.078275+0.066822*T
=4*R+26.078275+0,066822*T
CP(6) =13.0D0*R
CP(7) =3.0D0*R/2.0D0+2.0D0*CP(6)
DO 12 I=3,5 _
CP({5+I}=CP(I-1)+CP(6)+3.0D0*R/2.0D0
12 CONTINUE
WRITE(8, *)CP
WRITE(8,888)T,H,HE
DELTH(1)=2.0DO*HE(1l)-HE(2)
DELTH(2) =H({2)}+HE (1) -HE({3)
DELTH(3)=H(3)+HE(l) -HE(4)
DELTH(4)=H (4)+HE(Ll)}-HE(5)
WRITE(8,*) DELTH
100 FORMAT(D13.4)
888 FORMAT(D16.6,5D13.4/5D13.4)
RETURN
END

SUBROUTINE PARAKF (T}
COMMON /AB/Al,B, /KK/KS,KF
COMMON /KE/ KS1E,KS2E,ElS,E28,Y12

INTEGER I
REAL *8 KS(5),KF(5),Al,B,X,Y1,KSI1E,
& KS2E,ElS,E2S,R,DT,T ,Z,Y12
R=8.314D0

WRITE(8,100) T
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100 FORMAT (2F7.2)
KS(1l)=KS1E*DEXP((-E1S/R)*(1.0D0/T))
KS(2)=KS2E*DEXP( (-E25/R)*{1.0D0/T))
C ASSUMING THAT THE TEMPERATURE DEPENDENCE OF KS(N) IS SAME AS THAT
C FOR

C KS5(2)
DO 81 I=3y5
X=DBLE(I)
KS(I)=KS(2)}*DEXP(Al*(X-2.0D0))
81 CONTINUE

C ASSUME THAT KF(N) IS TEMPERATURE INDEPENDENT

C KF{l) IS NOT APPEARED IN THE DIFFERENTIAL EQUATIONS.
KF(1)=0.0D00

C KF(2) IS EQUAL TO ONE BECAUSE IT IS THE RATIC OF k2/kie.

DO 20 K=2,5
Z=DBLE (K)
¥1={1.0D0+Z**{1.0D0/3.0D0))/(1.0D0+2.0D0**(1.0D0/3.0D0))
KF(K)=Y1*((2.0D0/3.0D0) *{(Z+1)/2Z))**0.5DO*DEXP(B* (2-2.0D0Q))
KF {K) =KF (K) *DSQRT (T/Y12}

20 CONTINUE

c WRITE(8, *)KF,KS
C100 FORMAT{4D1l2.4)
RETURN
END
[ e it R b e e et kel e

SUBRCUTINE SPLFIT
C THIS PROGRAM FITS DATA WITH A CUBIC INTERPOLATING SPLINE.
C USING PARABOLIC END CONDITION: S(0)=S(1l},S(N-1}=S(N}.
COMMON /DEGNAC/TA,GE, /DEGN/NA, /DEGFIT/ AG,BG,CG
COMMON /ENTHA/TH,H,P,V,NO
COMMON /ENFIT/HA,HB,HC,PA,PB,PC,VA,VE,VC
COMMON /GNDATA/T0,G2,G3,G4,G5,BS,N
COMMON /FNDATA/Fl,F2,¥3,F4,F5
COMMON /GNFIT/GSA,GSB,G5C,G2A,G2B,G2C,G3A,G3B,G3C,G4A,G4B,G4C
COMMON /FNFIT/F1A,F1B,F1C,F2A,F2B,F2C,F3A,F3B,F3C,F4A,F4B,F4AC,
1 F5A,F5B,F5C
COMMON /BSFIT/BSA,BSB,BSC
INTEGER N,NO,NA
DOUBLE PRECISION
T00),G5(30),G2(30),G3 (30}, G4(30) BS(30),F1(30),F2(30),
& F3(30}, F4(30),F5(30) G5A(30), GSB(30) GSC(30) G2A(30) G2B(30)
& ,G2C(30) G3A(30), G3B(30) G3C{(30), G4A(30)
& ,G4B(30),G4C(30).BSA(30).BSB(30).BSC(30),F1A(30),FlB(30).
& F1C(30),F2A(30),F2B(30},F2C(30), F3A(30),F3B(30),F3C(30)
&,F4A(30),F4B{30),F4C(30C),F5A(30),F5B(30)
& ,F5C(30),G28(30),G35(30),G45(30),G58(320),BSS(30),F1s5(30),
& F25(30),F35(30),F458(30),F5S(30) ,H(30) ,HA(30) ,HB{30)
& ,HC(30),HS(30),TH(30),P(30),PA(30),PB(30),PC(30)
& ,PS{30),Vv(30),VA(30),VB(30),
& VC(30),vS(30),TA(16),GE(16),AG(1l6),BG(16),CG(16),5G(16)
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CALL CUBSPL{TA,GE,NA, AG,BG, (G, SG}

CaLL CUBSPL(TA,VE,NA,AE,BE,CE, SE) '
CALL CUBSPL(TO,Fl,N,FlA,FlB,F1C,F18}

CALL CUBSPL(TO,F2,N,F2A,F2B,F2C,F28)
CALL CUBSPL(TO,F3,N,F3A,F3B,F3C,F35)
CALL CUBSPL(TO,F4,N,F4A, F4B,F4C, F4S)
CALL CUBSPL(TO,F5,N,F5A,F5B,F5C,F55)
CALL CUBSPL(T0,BS,N,BSA,BSB,BSC,BSS)
CALL CUBSPL{TO,G2,N,G2A,G2B,G2C,G2S)
CaALL CUBSPL(T0,G3,N,G3A,G3B,G3C,G3s8)
CALL CUBSPL(TO0,G4,N,G4A,G4B,G4C,G4S)
CALL CUBSEL(TO.G5.N,G5A.G5B,G5C.G5S)

CALL CUBSPL (TH,H,NO,HA, HB, HC, HS)

CALL CUBSPL{TH, P,NO,PA, PB, PC, PS)
CALL CUBSPL(TH,V,NO,VA,VB,VC,VS)

DO 90 I=1,30
90 WRITE(8,500)G5A(I),G5B(I),G5C(I)
S00 FORMAT(El4.5,2EL5.6)
RETURN
END

SUBROUTINE CUBSPL(X,Y,N,A,B,C,S)
THIS SUBROUTINE COMPUTES THE MATRIX FOR FINDING THE COEFFICIENTS OF
CUBIC SPLINE THROUGH A SET OF DATA.
INTEGER N,NM1l,NMZ,I,J,FIRST,LAST
REAL *8 X(N),Y(N),S(N),A(N),B(N),C(N),SMATRX(0:26,4)

+ ,DX1,D¥1,DX2,DY2,DXN1,DXN2
REAL H(26)

COMPUTER FOR THE N-2 ROWS

Nnon

NM2=N-2
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NM1=N-1

DX1=X{2)-X(1)

DYl={(Y(2)-Y(1))/DX1*6.0D0

DO 10 I=1,NM2
DX2=X(I+2}-X{I+1)
DY2=(Y(I+2)-Y(I+1)}/DX2*6.0D0
SMATRX(I,1l)=DXl
SMATRX(I,Z):Z.ODD*(DX1+DX2)
SMATRX (I, 3)=DX2
SMATRX (I, 4)=DY2-DY1
DX1=DX2
DY1=DY2

10 CONTINUE
FIRST=2
LAST=NM2
o FOR END CONDITION=3
80 DX1=X(2)-X(1)

DX2=X(3)-X({2}

SMATRX(l,Z):(Dx1+DX2)*(DXI+2.0D0*DX2)/DX2

SMATRX(l.3)=(Dx2*Dx2-DXl*DXl)/sz

DXN2=X (NM1) -X (NM2)

DXN1=X(N) -X (NM1)

SMATRX(NMZ,1)=(DXN2*DXN2-DXN1*DXN1)/DXN2

SMATRK(NMZ.Z)=(DXN1+DXN2)*(DXN1+2.0D0*DXN2)/DXN2

PRINT OUT TRIDIAGONAL MATRIX IN COMPACT FORM

Do 11 I = FIRST-1,LAST
II PRINT*, (SMATRX(I,J),J=1,4)

O N0noonno

NOW SOLVE THE TRIDIAGONAL SYSTEM.
PO 110 I= FIRST,LAST
SMATRX (I, 1)=SMATRX(I,1)/SMATRX(I-1,2)
SMATRK(I,Z):SMATRX(I,Z)—SMATRX(I,l)*SMATRX(I—1.3)
SMATRX(I.4)=SMATRX(I,4)-SMATRX(I,l)*SMATRX(I—1.4)
110 CONTINUE

C NOW WE BACT SUBSTITUTL
SMATRX (LAST, 4) =SMATRX (LAST, 4} /SMATRX (LAST, 2)
DO 120 J=LAST-1,FIRST-1,-1
SMATRX(J,4)=(SMATRX(J¢4)-SMATRX(J,3)*SMATRX(J+1,4))
+ /SMATRX {J, 2}
120 CONTINUE
c
C NOW PUT THE VALUES INTO THE $§ VECTOR
C
DO 130 I=FIRST-1,LAST
S{I+1)=SMATRX(I,4)
130 CONTINUE

c GET S{1) AND S(N) ACCORDING TO END CONDITIONS
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Sil)=1((DX1+DX2)*S(2)-DX1*S(3))/DX2
S(N) = (DXN2+DXN1) *S (NM1) -DXN1*S (NM2) ) /DXN2

C
C WRITE OUT COEFFICIENTS OF THE POLYNOMIALS

C
C PRINT 99
c99 FORMAT(/T2,60(’*')//T10, 'THE CUBIC POLYNOMIALS, G(X)'
c +, 'DEFINED ON THE INTERVALS',//)
C PRINT 101
DO 200 I=1,N-1
H{I)=X(I+1)-X{I)
A({I)=(S{I+1}-S(I})/(6.0DO*H(I))
B(I)=S(I1)/2.0D0
C(I)=((Y{I+l)-Y(I))/H(I))-((2.0D0*H(I)*S(I)+H(I)*S(I+l))f6.0D0)
C

c PRINT 102,I,A(I),B(I),C{I),¥(I)

Cc101 FORMAT(TS,'I’',T1l7,'I',T27,'B',T37,'C’',T47,'D’/)

cl02 FORMAT (T5,I1,T12,F8.4,T22,F8.4,T32,F8.4,T42,F8.4)
200 CONTINUE

RETURN
END
Cc
c
REAL FUNCTION SEVAL(N,U,X,Y,A,B,C)
INTEGER N
REAL*8 U,X(N),Y(N),B(N),C(N),A(N)
C

c THIS SUBROUTINE EVALUATE THE CUBIC SPLINE FUNCTION
C SEVAL:Y(I)+C(I)*(U-X(I))+B(I)*(U-X(I}**2+A(I)*(U-X(I))**3
C
INTEGER I,J,K
REAL*8 DX
SAVE I
DATA I/1/
IF {I.GE.N) THEN
I=1
END IF
IF (U.GE.X(l)}) THEN
DX=U-X(N-1)
SEVAL:Y(N-1)+DX*(C(N-l)+DX*(B(N-l)+DX*A(N-l))}
RETURN
ENDIF
IF({U.GE.X{I)} THEN
IF{U .LE. X(I+1)) THEN
DX=U-X(I)
SEVAL=Y (I} +DX* (C(I)+DX*{B(I)+DX*A(I)))
RETURN
END IF
ENDIF
I=1
J=N+1
10 K=(I+J) /2
C WRITE(8,*)K
IF({U .LT. X({K)) THEN
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ann

J=K

ELSE
I=K
END IF
IF (J .GT. I+l) THEN
GOTO 10
ELSE

EVALUATE SPLINE

DX=U-X(I)
SEVAL=Y (1) +DX* (C(I}+DX*{B(I)+DX*A(I))}
RETURN
END IF
END
RETURN
END
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