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FOREWORD

The laboratory work described in this
thesis was carried out during one University
year. Shortly after the beginning of the
second year it was interrupted by the advent
of war. The researches carried out since that
time, although credited by the Faculty towards
the degree, because of their confidential

nature, cannot be reported on here.
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INTRODUCTION

For over one hundred years experiments and observations
have been made on the so called *critical! change of a liquid to a
gas. No a&e@uateexplanation of all the phenomena has yet appeared.
Some investigators cling to the classical picture of this tran?:“ww_b?*
ition. They believe that a liquid differs from a gas bg?'a;gree only,
and hold that when the critical change occurs the two phases are
physically identical. Anomalous behaviour, which has been observed,
would be attributed to impurities, gravitational effects, and other
extraneous factors. On the other hand, an increasing amount of
evidence has been, and is being presented, in favour of a structural
concept of the liquid state. Many suggestions as to the nature of
the liquid have been presented but most agree that it differs from
the gaseous state in kind as well as degree. Studies of the
critical temperature - critical pressure region, where the two
phases interchange, have been most fruitful in obtaining data on
the nature of the differences between them. It will be seen from
the review, presented below, of the data so far obtained on the
physical properties of critical systems, that the older *'Continuity
of State' hypothesis is no longer tenable, at least, in its simple
form. Dynamic structure hypotheses have been satisfactory in ex-~
plaining many of the critical phenomena.  Among the most satis-
factory of these is the theory of Regional Orientation developed by

Maass and his co-workers. In the light of the known experimental
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facts, the author acczgts this hypothesis. The experiments described
in this thesis give further support to this picture of the liquid
State and have led the author fo suggest a mechanism for the phase
vtransfbrmations in the critical regién.

The eritieal phemomenon of a liquid changing into a gas,
as seen by the disappearance of a meniscus, was first'reported by
de la Tour in 1822 (1}. He observed the phenomenon by heating a
liquid, in equilibrium with its vapour, in a closed tube. The
meniscus disappeared only if the amount of material in the tube was
between certain limits, otherwise either‘all the liquid evaporated
or the liquid expended and filled the tube. The temperature at
which the visible demarcation disappeared has been called the
eritical temperature.

Two explanations of this phenomenon were forthcoming.
Since the density difference between liquid and vapour was known
to decrease with rise in {emperature, it was postulated by Ramsay
(2) and Jamin (3] that it became zero at the critical temperature.
The two phases would then become mutually miscible at that tempera-
ture. Since the surface tension of a liquid decreases with the
rise in temperature, it was suggested that at the critical tempera-
ture the surface temsion became equal to zero. Sinece thereAwas no
surface tension there was no surface and the liquid and gas became
indistinguishable. It must be pointed out that it does not follow,
from either of these explanations, that the two phases are physically

identical at the critical temperature.



Andrews (4) compressed carbon dioxide at constant temper-
ature in a sealed tube. He found that at temperatures below
30.9°C the liquid phase could be formed by compression, while at
higher temperatures the material always remained as a gas. This
limiting temperature of spontaneous condensation he considered to
be the same critical temperature as was observed by de la Tour and
others by the stationary heating method.

Andrews further observed that the isothermals below and
above the critical temperature were exactly contiguous throughout
that region. Because of this, it should be possible to obtain one
equation connecting the pressure, temperature, and volume for both
the liquid and gaseous states. Such an equation was developed by
Van der Waals (5), by taking into account the space occupied by
the molecules and their attractive forces on one another. The
agreement between Van der Waals' equation and the experimental data

is good. The critical point is determined from the equation as

the point of inflection on the family of curves. /fgg///}/,rwffagg
It was further evident from Andrews! work, ?/by _»'S:
o
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correctly choosing the temperature and pressure changes, thet it
was possible to pass from a wholly liquid system to one wholly
gaseous, without any discontinuity of physical properties. This
is usually referred to as the 'Continuity of State*. This faet,
together with the single equation for both states, gave rise to
the view that a similar structure, or rather lack of structure,

existed for both gases and liquids.



A liquid was considered to differ from a gas only
because its molecules w fe so close that their mutual attraction
is greater than their thermal kinetic force. The critical point
was explained as the temperature where the kinetic forces of
motion finally overcome the attractive forces, no matter how
closely the molecules are compressed.

According to the theory outlined above, the critical
phenomenon should take place at only one point. De la Tour had
already observed that the meniscus was seen to disappear over a
range of mean densities, and Hein (56) has reported that with
carbon dioxide the ceritical phenomenon occurs when the mean density
varies from 0.241 gms./c.ec. to 0.589 gms./c.c. This, and other
objectioﬁs, soon arose against the simple "Continuity of State"
explanation of the nature of liquids and gases, the outcome of
which has been to assign a structure to the liquid state in con-
trast to the pure randomness of gases.

As an explanation for the occurrence of the critiecal
phenonenon over a density range, Ramsay and Jamin (2,3) postulated
that the liquid state existed above the critical temperature.

Phey concluded that there is a difference between liquid molecules
and gas molecules. This difference was not wholly destroyed at
the critical.temperature, and above that temperaturé the system
might eontain various proportions of liquid and gas molecules.
Ramsay suggested that the two types of molecules differed in their

number of atomic constituents, thus the difference between the two



states was chemical as well as physical. Pheir method of measuring
density was based on the determination of the position of the dis-
appearing meniscus in the tube, a method which at best is very
inaccurate.

Cailletet (6) reported experiments in general agreement
with those of Ramsay and Jamin, and concluded that at the eritical
temperature the liquid and vapour became miscible. Young (7}, by
observing the position of the disappearing meniscus, inferred that
the density of both phases beéame equal at the critical temperature.
In all of the above expefiments, no density determination could be
made anéigfgggi:ihankone.half of a degree ézi;he critical tempera-
ture. The broadening of the meniscus made accurate determination
of its position very difficult. The density temperature curves
obtained were extrapolated in the form of the classical parabola,

a procedure which is not justified in this region.

A new concept of the critical phenomenon hegan to develop
subsequent to more accurate density determinations in the critical
region. The critical phenomenon of methyl ether was investigated
by Galitzine (8). A degg}ty difference as great as 209 between the

[
region below where the meniscus vanished and that above was found

R e

to persist indefinitely. He also found evidence of a density
heterogeneity as much as 7°C above the eritical temperature. Because
these results were not in agreement with the theory of equal densities
for both phases, Galitzine concluded that the persistence effect

was produced by impurities. He also reported that the temperature



of a reappearance of the meniscus, on cooling, was lower than that
of its disappearance on heating. ‘Ybung»(g) repeated Galitzine's
experiments, using hrighly purified ether and failed to observe

the same effects. He therefore agreed with Galitzine in attribﬁting
the density persistence to volatile impurities. Young further

found that by adding traces of a foreign gas he could retard the
rate of equilibrium establishment and the formation of critical
opalescence.

Hein (10) studied the systems carbon tetrachloride,
sulphur dioxide, and carbon dioxide, and foundka density hetero-
geneity nersisting above the critical temperature. He could
destroy the heterogeneity by mechanical stirring and concluded,
in agreement with Young, that the persistence was caused by im-
purities.

Guoy (11) suggested, as an explanation of the phenomenon
of persistence, that a dengity gradient could be established by
the gravitational field. Because of the high compressibility in
the critical region, this idea seemed plausible. He fougd however,
that the experimental differences were much greater than could be
explained by any method 6f calculation.

Teichner (12) and Traube (13) measured the density of a
medium in the critieal region by means of small glass floats of
various densities. By observing the positions taken by the floats
along the length of the tube, a measure of the density gradient

was obtained. The results of their experiments supported the



theory of discontinuity, and were in agreement with the resulis

of Galitzine. Traube postulated that there are two types of mole-
cules, those of the liquid, "liguidons", and those of the gas,
"cgasons®™. He made no suggestion as to what were the differences
between these two types. He considered that the two species existed
in equilibrium, and that heating the system increased the concen-
tration of "gasons" and decreased the concentration of "liquidons".
At the classiczl critical temperature there were still some
"ligquidons" present. However, their concentration became zero at
some temperature slightly above this.

De Heen (14) extended the hypothesis of Traube by requiring
that the concentration of "liquidons™ ié a function of the mass -
volume ratio of the system, as well as of the temperature. Onnes
(15) disagreed with these ideas, and again attributed the whole
phenomenon of persistence to the presence of impurities and to poor
experimental methods. He also agreed with Guoy that an apparent
density difference might be due to a gravitational effect caused
by the medium compressing itself.

The careful work of Callendar (16) on water is of great
importance. He found, that by using carefully purified water, it
was possible to obtain accurately reproducible density measure-
ments. The water was sealed in a quartz tube, and he found that
the density of the liquid and vapour did not become equal at the
critical temperature. A density difference existed as much as GOC

above the critical temperature. Traces of air made reproducible



determinations impossible. To confirm these results by measuring
some other quantity that could be determined accurately for both
liquid and vapour, Callendar measured the total heat. With pure
water he obtained reproducable data giving the same effect as his
density measurements. When the meniscus vanished the total heats
of liquid and vapour were not equal but became equal 6%above that
temperature.

Extensive measurements of the densities of various sub-

stances in the critical region have recently been carried out in >

this laboratory. Accurate studies have been made by Tapp, S?ﬁéiééb (
and Maass (17), Winkler and Maass (18), Geddes and Maass (19), and
McIntosh and Maass (20).

The experimental method, originally developed by Tapp
and Maass, made possible the measurement of density in various
parts of the medium to an accuracy of 0.05%. The density was
measured by means of a.MbBainﬁBékr balance (21) and float. Accur-
ate temperature control was achieved so that either a uniform
temperature or a temperature gradient could be maintained along
the length of the bomb. This apparatus permitted the verification
of many former results and led to the discovery of new phenomena
occuring in the critical region.

It was found that the density difference above the
critical temperature did not occur as a gradual gradient but as

a sudden discontinuity near the point where the meniscus was last

seen. The magnitude of the density difference depended on the



overall mass-volume ratio, the greater the ratio, the greater the
difference. A.difference as great as 5% was observed for propylene
1.5°C above the critical temperature. Subsequent to a temperature
change, an equilibrium value of the density was reached after
thirty minutes, after which no further change could be observed.
Mechanical stirring was found to leave the value unchanged after
stirring for as long as six hours. It was found that the density
difference decreased with inereasing temperature, and reached zero
at some point above the critical temperature. The temperature of
equalization of density was different for different substances,
being 10°C above the critical for methyl ether, 8°C for propylene,
and 1.5°C for ethylene. Once the density difference was destroyed,
a subsequent cooling of the system resulted in the persistence of
a uniform density throughout the tube until condénsation accurred
at some point slightly below the temperature where the meniscus
disappeared. Thus a density hysteresis was found in faking a
systenn through a heating and coaling cycle in the critical region.
It was found that expanding the system, at some temperature slightly
gbove the critical, destroyed the heterogenity and that subsequent
compression failed to reproduce it. The density difference could
also be destroyed by cooling the top of the bomb, thus causing con~-
densation in the upper region of the system, and violent stirring.
This process has been called *molecular stirring'. No way of re~
establishing the density difference, onge it had been destroyed,

was found, other than by cooling below the critical temperature.
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The gravitational effect due to the weight of the medium

itself, as a cause of the density difference, has been considered
ﬁk;@%?ﬁq,ﬁgzx.@lzi

by Winkler and Maass. This does not account or£efféct of-the
nagnitude observed, nor does it explain the discontinuity in the
density gradient at the point where the meniscus disappears.

The work of Geddes and Maass is of great importance.
An apparatus was used whereby density, temperature, pressure, and
volume could be measured and varied as desired. Density and pressure
isochores were determined with high accuraey. OQf paramount interest
in this work was the investigation of the time lags involved in the
establishment of equilibrium of density subsequent to changes of
temperature, pressure, or volume. The much greater time lag in
passing from vapour to liquid than from liquid to vapour were
interpreted as indicating a greater degree of orientation in the
liquid state. DRNcIntosh and Maass continued the work of Geddes and
Maass. More accurate density hysteresis curves were obtained. The
effect of small quantities of air mixed with the ethylene was
investigated. Such an air-ethylene system could be heated to many
degrees above the critical temperature without becoming homogeneous.

As well as from direct density measurements, the measure-
ment of other physical properties has led to the conclusion that
the liquid state exists above the critical temperature.

Determinations of the solubility of dyes and solids in
liquids, through the critical temperature region, have been made.

The observations of Hannay and Hogarth (22) on the system potassium



iodide-alcohol are the first reported. They found that the solute
was precipitated when the liquid was evaporated just below the
critical temperature, but that it remained in solution after the
meniscus had disappeared at temperatures slightly above the criti-
cal. These results were considered as indicating that the liquid
existed above the critical temperature. Results in agreement with
this were obtained by Cailletet and Hautefeuille (23), using the
system iodine-ecarbon dioxide. The blue colour, due to the iodine,
was seen to remain in the space occupied by the liquid, even
several degrees above the critical temperature. However, Cailletet
and Collerdeau (24) found that the oil of galbanum separated from
carbon dioxide at the critical temperature. Picet (25) presented
more evidence in support of liquid persistence in his observations
of borneal- and alizarin-alcohol systems. Neither of these pre-
cipitated from the solution at a temperature slightly above the
critical, yet both are inmsoluble in gaseous alcohol. Wilip (26)
has reported similar results for borneal-ether systems, and
Bertrand and Iecarme (27) for the systems potassium chromate-
water and alizarin-aleohol. In general the results of solubility
measurements are indicative of the persistence of the liquid state
above the critical temperature.

The existence of critical opalescence has been reported
by many observers and has been the subject of much discussion.
The opalescence will occur on heating the system up to the

critical temperature. The effect is, at first, limited to the



-12-

phase boundary region and has its greatest intensity in the ligquid
phase. If the system is kept at one temperature long enough, or
is stirred, or shaken, the opalescence will finzlly occupy the
whole volume. On heating well above the critical temperature the
opalescence disappears but reappears on subsequent coaling. It
appears most intense just before condensation and in the boundary
region. A brown colour ié observed with some compounds which are
otherwise colourless. The most generally accepted explanation

for this phenomenon is that advanced by Smoluchowskil (28) and
based on the Einstein theory of density fluctuations. Kuster (29),
with essentially the same concept, attributed the effect to local
concentrations of density due to distribution of the energy among
the molecules. On the other hand, Altsdhul (30), Donnan (31) and
Trevers and Usher (32), regard the opalescence as due to droplets
of liquid floating in the vapour- A similar opinion was held by
Schroer (33) and Cardosoc (34). They believe that the surface tension
of the smﬁll drops of liquid did not become equal to zero at the
critical temperature and thus the critical temperature for a system
of small droplets is higher than that for the mass of the liquid.
They define the true critical temperature as that of the dis-
appearance of the opalescence. All of the attempts to explain
opalescence stress the inhomogereityof the system until the opal-
escence has disappeared. The whole question of opalescence has
been investigated recently by Mason, Naldret and Maass (35), who
found support for the opinion that the opalescence is due to licuid

groups.
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The study of the X-ray diffraction patterns of liquids
by many investigators has yielded definite evidence of a structure
in liquids. This structure is thought to be some type of mole-
cular aggregation of ordinary gas molecules. Stewart (36) uses
the term "cybotactic™ groups in reference to these aggregates.

The amount of grouping seems to be dependent on the temperature,
while grouped and ungrouped molecules exist in equilibrium. X-ray
studies of liquids in the critical region have been undertaken by
Stewart, Noll (37), and Spangler (38), who have obtained definite
indicction that "eybotactie™ groups exist at temperatures higher
than the critical. Stewart found that the degree of liquid persis-
tence depended to a greater extent on the specific volume than on
the temperature and pressure. No "cybotactic" groups were found
at temperatures higher than the critical unless the specific volume
was higher than the critical volume. A decrease in the volume
greatly increased the number of groups while increasing temperature
only slightly decreased them. The grouping, it was conclﬁded, is
dependent largely on the distance between the molecules.

Conductivity measurements have yielded further evidence
in favour of the discontinuity of state. Eversheim (39) measured
the temperature coefficient of various ammonia solutions through
the critical range. The conductivity did not equal zero at the
critical temperature but rapidly approached it at a slightly
higher temperature. Kraus and Franklin (40) obtained similar

results with the system sulphur-ammonia, finding conductivity



6.5°C above the eritical tenperature. Walden and Centnerszer (41)
found similar persistence of conductivity in binary mixtures.

Eversheim also measured the dielectric constants of a
liguid and its vapour in the eritical region (42). The dielectric
constants of the two phases were not equal at the critical temper-
ature but became so at a slightly higher one. Liore recently,
Marsden and Maass (43) have found similar results with methyl ether
and propylene. In the case of the former, the dielectric constants
of the two phases became equal 89C above the critical temperature.

Winkler and liaass (44) have measured the surface tensions
of methyl ether and propylene as they approach the critical temper-
ature. They found that the surface tension-temperature curve does
not become asymptotic to the temperature axis at the eritical
temperature.r They conclude that the surface energy does not become
equal to zero, which is interpreted as being indicative of a dis-
continuity of state still remaining at the eritical point.

Further evidence in support of the theory of persistence
was obtained from the work of Liorris and liamass (46) on the adsorption
of propylene on alumina. They found that a discontinuity in the
adsorption processes accompanied a change from liquid to gas.
Edwards and Maass (47) found similar effects with the adsorption
of dimethyl ether on alumina. They interpreted these results as
indicating an essential difference between liquid and compressed

vapour.

The specific heat of the system ethylene was found by
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Braughton, Pall and Maass (48) to depend on the thermal history

of the system. Different specific heats were found for the heter-
ogeneous and homogeneous systems depending on whether the substance
was previously heated to above the critical temperature or not.

The reactivity of the hydrogen chloride-propylene system
has been extensively studied by Mzass and his co-workers. The un-
saturated hydrocarbons and the hydrogen halides react homogeneously
and in a reproducible manner when the reaction occurs wholly in the
liquid state. No reaction whatever occurs in the gas state. A

oo

‘\\\__'atyliﬁic factor is involved which is peculiar to the liquid state.
Sut 'ggd and Imass (49) found that propylene and hydrogen chloride
would not react when brought together as gases, heated above the
critical temperature, and then compressed to a system denser than
the liquid. Thus, the reaction does not depend on concentration
alone. In a liquid mixture the reaction rate varies with temperature
in the usual manner up to the critical temperature.r Slightly above
this temperature the rate drops to zero. Marsden and Maass (43)
found that the presence of even an inert liquid, carbon tetrachloride,
made the reaction possible between the two gases, thus supporting
the catylitic hypothesis. These experiments clearly show a difference
between liquid and vapour other than concentration. Holder and
Maass (50) have repeated the work of Sutherland, Marsden and Maass
with a refined experimenftal method. Holder found that in the critical

region the "critical concentration™ has a larger effect on the re-

activity than the temperature. Here again the importance of specific
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volume on the persistence of structure is evident.
Viscosity determinations on the system ethylene in the
critical region have been made by Mason and Maass (51), using a
very sensitive oseillating disk method. They found, in agreement
with Clarke (52), that there is a hysteresis in viscosity on heating
and cooling. The temperature of disappearance of the liquid phase,
as indicated by a minimm in the viscosity-temperature curve, is in
good agreement with that presented in this thesis as determined from
measured pressure isoﬁhermals.
From the above review of the information obtained so far
on the critical state, it is clear that all the phenomena cannot
be explained on the basis of the classical theory of the Continuity
of State. It is evident that there must be some difference between
the liquid and gaseous states, other than concentration. The concept
of regional orientation, advanced by Maass, satisfies all the require-
ments. A quotation from 0. liaass will give the best expression of
what is meant by regional orientation:
"he distinetion between regional orientation and a
smzl]l erystal is that all the atoms in a small crystal may
be looked upon as belonging to the same molecule, whereas
in a region where orientation has faken place the molecules
retain their identity and have translatory and rotational
energy possessing only an average orientation for a time.
The regions in a liquid are not sharply defined, but pass

gradually and without any discontinuity into one another.
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These regions may be momentarily represented by arrows
giving the direction of orientation. Contour lines around
these arrows would represent the gradusl diminution of
orientation and blending with the direction of a neighbour-
ing region. These contour lines would be continuously shift-
ing, orientation arroxs disappearing and new ones appearing
in fresh places." (53)

The work described in this thesis is the continuation of
that of Geddes and laass and kcIntosh and Maass. Two lines of
investigation were undertaken.

As pointed out above, it has been shown that above the
eritical temperature as defined by the temperature of the disappear-
ance of the meniscus, a heterogeneity in one eomponent system
persisted. By "molecular stirring", by heating the medium consider-
ably above this temperature and then reproducing the original
temperature, or by isothermal expansion, this heterogeneity dis-
appeared and a homogeneous system was obtained which persisted

ik (o et
indefinitely. mgpwti;lkggglit has been impossible to produce a
heterogeneous system once the critical temperature, as defined
above, has been passed. It was considered of importance to attempt
to achieve this. An experimental method, described below, was
developed whereby this is made possible.

It was considered important to accurately determine the
isothermals in the critieal region. Geddes had ealculated the

isothermals from the experimentally determined isobars but the



accuracy was insufficient, particularly as a test for the pre-
diction of Mayer and Harrison, referred to below. Mayer and
Harrison predicted the existence of a region above the critieal
temperature thre[‘;‘%-}to would be equal to zero. With the hope
of testing this predig;ion, and of obtaining further information
about the nature of the liquid to gas transformation, a careful
measurement of the isothermals throughout the ceritical region
was undertaken. The results of these experiments have led the
anthor to a picture of the ligquid gas system which, in his
opinion, adequately explains all of the experimental data. The
experimental methods and results leading to this hypothesis are

outlined below.
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APPARATUS AND TECHNIQUE

In the course of the main investigations described
below, two types of apparatus were used; hereafter they will be
referred to as apparatus no.l and no.2. Both designs had been
used by former investigators,but several new methods and devices
have been added (19,20).

Apparatus No.l

This apparatus was designed for the study of the
effect of compression, produced thermally, on the density of the
liquid phase of the system ethylene in the critical region. The
variables to be measured were density and temperature.

The-ethylene was contained in a "Pyrex" glass bomb
supported on a brass rod. The bomb was made from a tube by
rounding one end and drawing the other down and sealing it to &
capillary tube. The dimensions of the bomb were approximately
10 m.m. inside diareter, 3 m.m. wall thickness, and 350 m.n.
length.

The bomb contained a licBain-Bakr balance and float
(21) for the determination of density. The quartz spiral was
suspended from a steel spring which clung to the sides of the
bomb. When not buoyed up, the float rested on a support made
from a small ring of glass wound with cotton. When thus resting,
the spiral was extended to a point lower than where any readings

were required. The volume of the float was .7614 c.c. and was
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measured by means of a pilcnometer. It had a diameter of .6 c.m.
and a length of 2.5 c.m. It was made from "Pyrex" glass and was
tested to a pressure of seventy-five atmospheres before calibration.

A method of manufacturing quartz spirals is described by
Tapp (17). The spiral used in this case had approximately one
hundred turns and a normal length of 4.075 c.m. Its diameter was
approximately .5 c.m. The sensitivity of the spiral was deter-
mined by measuring its extension under various loads in the range
of extensions where it was to be used and at a temperature within
ten degrees of the critical temperature of ethylene. The lengths
were measured by means of a cathetometer to an accuracy of .05 me.m.
The spiral sensitivity was .00511 gms./m.m.

The density of the medium in which the float was sus-
pended was calculated from the formula:-

d = W- (X-N)S , where
v

oY
]

density of medium

W = weight of float

n
"

sensitivity of spiral

<
"

volume of float
N = normal length of spiral

X

extended length of spiral
With this apparatus relative density measurements can
be reproduced with an accuracy of 0.1% when the extension of the

spiral is measured with an accuracy of 0.050 m.m. The absolute
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density value depends on the volume of the float which is known
to an accuraey of .3 to .4%.

A glass condenser jacket was made to fit over the
upper portion of the bomb. The purpose of this, was to ﬁake it
possible to warm or cool the upper end independently of the rest
of the bomb. This jacket was attached to the bomb by means of
a watertight rubber gasket, in a manner which permitted easy
removal or replacement. The jacket was equipped with intake and
output leads to allow a circulation of water through it. Two
streams of water, from the hot and cold water taps, were passed
into a mixing chamber, and thence through the jagket. The temper-
ature of the jacket was taken to be the average of the temperatures
of the in-going and out-going streams. This was sufficiently
accurate, as  the control of this temperature was not required to
be precise.

The temperature of the bomb was controlled by placing
it in a water thermostat, which is described below. After the
bomb was filled and the water jacket fixed in position, the whole
was immersed in the thermostat. When no water was passed through
the jacket, the temperature of the whole length of the bomb was
that of the thermostat. When watér—was circulated, the upper end
was either heated or cooled and a temperature gradient thus main-
tained along the length of the bomb. The heating and cooling
controls of the thermostat could easily be adjusted to compensate

for the effect of the cireulating water on the thermostat temperature.
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It was important to be sure that the temperature of the water in
the jacket returned to the temperature of the thermostat, after
circulation ceased. Since the outside room was at a higher temper-
ature than the thermostat, it was possible that heat might be
conducted along the water leads. Small copper coils were placed

in the bath in series with the leads,.thus removing any possibility
of heating from conduction. The importance of this precaution will
be seen in the discussion of the experimental results.

A diagram of this apparatus is ziven in Figure 1.

Apparatus No.2

This apparatus was designed for the determination of
the isothermals of ethylene in the critical region. The design
used was adapted from the apparatus originated by Geddes and
laass (19), and uses the method of measuring an unkncwn,preSSure
by balancing against a known pressure produced by carbon dioxide
at a known temperature.

The apparatus consisted of two heavy walled "Pyrex"
glass bombs connected'by a capillary U-tube as shown in Figure 2.
The U-tube was made in the particular shape shown, since it was
necessary to raise a thermostat bath around each bomb independently
and also to be able to freeze the connecting U-tube when the
apparatus was not in use. The bomhs were 35 m.m. long with
internal diameter of 5 m.m. and wall thickness of 3 m.m. Since
no spiral was needed it was possible to use a tube of smaller

diameter than with apparatus no.l, thus greatly increasing the
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strength. The capillary tubing had an internal diameter of 2.5 m.m.
and outside diameter of 8 m.m. The bombs were made with the upper
ends connected to capillary tubes through which they were filled.

The right hand bomb contained ethylene and the left
hand bomb carbon dioxide. The lower half of each bomb and the
conﬁecting capillary was filled with mercury. This mercury acts
a piston in the manipulation of the ethylene and as a manometer in
transmitting the pressure to the carbon dioxide side. Each bomb
contained a small, glass encased, iron nail which acted as a
stirrer when activated by an electro magnet.

The length volume ratio of the right hand bomb had been
carefully determined before it was assembled. This was done by
means of observing the position of a mercury surface with a cathet-
ometer, and adding weighed quantities of mercury. The carbon
dioxide bomb required no such accurate calibration and since it
was made from the same piece of tubing as the ethylene bomb, it
was considered to have approximately the same diameter. Thus
with a change of mercury levels, the measured movement of the
ethylene side was accompanied by an equal movement of the carbon
dioxide side in the opposite direction.

After the bombs were assembled and the mercury added,
and while the pressure in both sides was equal, a normal mercury
level for the ethylene side was taken by means of the cathetometer.
The volume of the ethylene from the mercury surface to the draw-

off for all positions of the mercury surface was known from the
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calibration. The volume of the draw-off was computed by geometric
estimation with sufficient accuracy éince its value was very small.
The volume of the stirrer was determined by means of a picnometer.
From these data a graph of the mercury surface height, plotted
against volume available for the ethylene, was constructed. These
measurements were checked by repeating a point and a knmown isobar
and gave excellent agreement.

The necessary pressure correction caused by the difference
in level of the two mercury surfaces, in all but the normal posi-
tion, was also plotted against the values of mercury height of
the ethylene side, Thus, a reading of mercury height irmediately
gave the volume of the ethylene and the pressure correction. The
true pressure was found by applying this correction to the wapour
pressure of carbon dioxide at the temperature of the left hand
bomb.

Before the construction of the apparatus, all glass
tubing was carefully washed with distilled water. It was believed
that harsher cleaning agents damaged the surface of the glass,
weakening the tube and causing explosions. After it was in posi-
tion the whole assembly was baked out at 200°C and under high
vacuum for at least a half hour.

The mercury was distilled directly into the assembly,
thus insuring that it was perfectly clean and dry. When the
assembly was in position (see Fig. 3), two tubes with stop-cocks

led from the upper ends of bombs to the pumps and gas storage
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volume. A side tube was fastened into the carbon dioxide lead.

To this side tube was connected a small water condenser and
boiling flask containing pure mercury. After evacuating the
system, sufficient mercury to £ill the entire U-tube and the
lower half of the bombs was distilled in. This was done in the
following manner. Sufficient mercury to fill the U-tube was

first distilled into the carbon dioxide bomb, then, by closing

the stop-cock on the ethylene side and carefully admitting air
into the carbon dioxide side, the mercury was pushed over and
filled the U-tube. By repeating this procedure sufficient mercury

was added to bring the surfaces to the desired level.

The Thermostats

The thermostats used were essentially the same as
those originélly constructed by Geddes (19). Water was conven-
iently used as the thermostatiec liguid since the temperatures
desired were between 9.5 and 15°C. The general arrangement is
illustrated in Figure 3.

Bach thermostat consisted of a ¢ylindrical container
eighteen inches high and ten inches in diameter. The left hand
container was a "Pyrex" glass jar, while the ethylene thermostat
was made of sheet copper. These containers were supported on
wooden cradles and were well insulated with sheep's woocl. The
right hand container was equipped with two windows so placed that
the ethylene bomb could be clearly seen. The bomb was illuminated

from behind by two 200 Watt frosted lamps, eguipped with reflectors
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and cooled with circulating water. The front of both baths was
illuminated from in front and above so that the thermometers
could be easily seen.

Each bath contained a cooling coil, (C) and (Cq), made
from six feet of half inch thin walled copper tubing. A two
gallon water tank supported on the ceiling maintained a constant
pressure for a steady flow through the coils. The rate of flow
was adjusted by means of large taps. A smaller supplementary
flow system was added and was used in the determination of the
pressure volume isothermals reported below. A by-pass system
of water flow was used. The flow necessary to maintain constant
temperature was adjusted with a screw pinch-cock while a brief
rapid flow, necessary when changing the temperature slightly,
was achieved by briefly opening a spring pinech-cock in a differ-
ent lead.

Each bath was equipped with a large 500 Watt and a
small 100 Watt heater (H and Hy). The large heater was used in
bringing the bath up to the desired temperature, the small one
for maintaining constant temperature. Both heaters were con-
trolled manually by means of rheostats.

Each bath had two stirrers (S) of four blades. All
stirrers were belt driven by a variable speed shunt motor.

Temperatures were determined with Beckmann thermometers,
calibrated with a standard Reichanstalt mercury thermometer.

Each bath was also provided with a calibrated 0 to 50°C thermometer
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graduated in tenths. Thus alsolute temperature readings could
be determined to at least 0.02°C and relative readings to
0.002%.

All the apparatus, thermostats, heaters, cooling coils,
thermometers, etc., were supported by the beam K. Since, when
not under observation, it was necessary to cool the bombs with
dry ice contained in Dewar flasks, the thermostats had to be
easily removable. This was done by supporting the thermostat
cradles with a system of ropes and pulleys, so that they could
be raised and lowered at will.

Because of the high pressure, there was a constant
possibility of explosion whenever the bombs were warmed up to
the critical temperature. To protect the operator from the
glass flying with such explosions, a double wall of heavwy
beaver-board was constructed in front of the apparatus. All
observations were made through shatter proof plate glass windows,
telescopes being used for temperature readings, etc. All controls,
water flow, rheostats, ropes for moving the thermostats, etc.,
were operated from behind the protecting walls. The Dewar flasks
which were placed around the bombs after each run were held in
wooden frames. These frameworks could be raised and lowered

from outside the wall by means of ropes and pulleys.

Purification of Gases and Filling

Great care was taken in the purification of the gases

used in these experiments, since in former work on the critical
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phenomena mueh criticism was ecentered on this point.

The ethylene gas was supplied by the Qhio Chemical
Company and was guaranteed to contain over 99% ethylene. This
gas was distilled in a low temperature column of the Podbielniak
type (54). This still was described in detail by D. Pall (45).
Only a small middle fraction of constant boiling gas was used in
the experiments.

The carbon dioxide used was obtained from clean powdered
dry ice, and was purified by fractional distillation.

In filling the bombs the following procedure was
followed:-

The sample of ethylene or carbon dioxide was first sealed
into the apparatus® filling train at the point X in Figure 3. The
apraratus was then completely pumped out through Stop-cock (M) by
means of a mercury diffusion pump backed by a ?Hy;vac“.. M was
then closed and the taps to Y and Z were also closed. Liquid
air was removed from X and placed around Y or Z, while a bath of
aceﬁone-carbon dioxide mixture at -40°C was placed around X. The
gas was then distilled from X to ¥, the stop-cock M being occas-
ionally opened to pump off any trace of non-condensable gas.

When sufficient gas had been colleeted at Y, X was sealed off
and the system evacuated completely. The liquid air was then
replaced by acetone-carbon dioxide at Y, and about one third of
the sample allowed to distill off. This was used to flush the

calibrated storage volume (G), and the bomb to be filled. The
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remaining gas was then distilled into Z and the apparatus again
evacuated. The stop-cock at Z was then opened and the storage
rvolume flushed with a.sﬁall amount of gas. The stop-cock was
then closed and the apparatus evacuated. The stop-cock leading
to the bomb was then closed and the storage volume allowed to
£ill. Z was then closed and left to stand in liquid air. The
bomb was now carefully cooled, first with dry-ice-acetone and
then with,liquid air. By opening the stop-cock to the bomb,
the necessary amount of gas, as measured by a drop in pressure
on the manometer (R), was condensed into the bomb. The bomb was
then sealed off at the cavillary tip. The same pracedure was
followed for the carbon dioxide and ethylene.

In the case of the bomb containing a spiral and float
the density was determined accurately from the spiral extension.
Therefore it was not necessary to determine the amount of gas
condensed with any particular care. However, with the apparatus
which contained no spiral and float (52), it was necessary to
determine the amount of gas condensed with as great an accuracy
as possible. The drop in pressure on the manometer was read to
ol m4M. , which gave a total possible error of about .5.mrm.
Since the overall drop was of the order of 10 e,m., this gives
a possible error of .5%. The absolute density of the gas in the
bomb at any time was therefore only kmown to .5%. However, the

relative densities of different positions of the mercury level

were limited only by the accuracy of the cathetometer and the
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original calibration of the bomb tube.

With the cérhon dioxide, care had to be taken that the
amount of gas condensed was such as would give a two phase system
over the range of volumes and pressures necessary. This was
done by ealculation from the measured volume available for the
carbon dioxide and the pressures to be expected as given by the

data of earlier workers.

Ixperimental Procedure

Apparatus No.l.

With this apparatus only the rizht hand thermostat was
used, since no pressures were measured.

After the bomb had been filled in the manner described
above, it was packed in a Dewar flask filled with powdered carbon
dioxide "snow". By repacking twice a day the bomb could be always
kept at a low temperature.

In making a run, the thermostat was first cooled to
a temperature below 9% by adding ice. Cold acetone was then
added to the "dry ice" in the Dewar, making a slush. The Dewar
was then removed and the operator proceeded to his point of
observation behind the protecting walls. After allowing several
minutes for the bomb to warm, the thermostat was raised by:meaﬁs
of the rope and pulleys, inté its position around the bomb. Vith
the apparatus in this position, the subsequent manipulation of
temperature and reading of densities depended on the data required.

In the case of the compression experiments the following



general order of experiment was followed with each bomb used.
Without the cooling jacket in position, a complete density
hysteresis curve for the critical region was first determined._
This was done by'slowly’warming the bomb from a temperature well
below the eritical and taking density measurements at different
temperatures, the float being in the liquid phase, until the
density no longer changed with increasing temperature. The bomb
was then cooled, and a similar series of density readings taken,
until the temperature was again well below the eritical. A
curve of the type shown in Figure 4 was thus obtained. In taking
any density measurement, the thermostat was brought slowly to
the desired temperature and the spiral length measured by means
of the cathetometer. The temperature was then held constant and
spiral lengths measured until no change in length appeared for
an interval of {twenty minutes. The density corresponding to
this length was then taken as the density of the liquid at that
particular temperature. This normal hysteresis curve for any
particular bomb was used as the reference curve to which the
densities subsequent to various manipulations were related.

With the air-sthylene mixfure similar preliminary
measurements were made. The value of the mean density in this
case, however, could not be obtained by heatingvthe bomb to a
few degrees above the critical temperature.‘ It had already been
shown by McIntosh and Maass (20) that the mean density for an

air-ethylene mixture was best obtained by means of "molecular
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stirring". To do this the outer jacket was placed on the top of
the bomb and cold water circulated through it. The jacket was
maintained at about 5°C by tap water while the témperature of
the bomb was raised to some value above the critical. Violent
distillation occurred and after several such distillations of a
few minutes duration, the density of the medium was found to be
independent of the temperature at temperatures above 10.5°C.
This density was taken to be the mean density. After having
obtained this reférence curve the compression experiments could
be cormenced.

To determine the effect of compression the bomb was
first heated to 11.5°C and maintained at this temperature until
the average density of the system was attained. In the case of
the air-ethylene bomb, molecular stirring was used as deseribed
above. The thermostat was then cooled to the desired temperature.
When temperature equilibrium had been reached the density walue
would now be represented by a point on curve B in Figure 4. Com-
pression was then carried out by either of two methods.

By lowering the thermostat the upper portion of the
bomb was allowed to project outside the baéh; it was thus subjected
to room temperature, which was some fifteen degrees higher than
that of the bath. After the desired compression time, the thermo-
stat was raised and a time-density curve taken. The second method
of compression was by circulating warm water through the heating

jacket as already described. The duration and extent of heating



was varied as desired.

The heating jacket and its contained water had an in-
sulating effect. Thus, during cooling from 11.5° to the desired
temperature, when the jacket was used, the top of the bomb was
always at a slightly higher temperature than the lower part,
thus producing a slight compressional effect before the main
compression was carried out. For the same reason, after the
top of the bomb had been heated the rate of re-establishment
of uniform temperature was slower than when no jacket was used{

It is important to note that at no time after heating
to 11.5° was any part of the bomb at a temperature lower than
that of the thermostat.

After having made a run, the closing down of the
apparatus was the reverse of the commencing procedure. The
thermostat was cooled as mmch as possible by means of the
cooling coils, and lowered. The Dewar flask, attached to a
stick and cords, was filled with "dry ice"™ and acetone mixture.
This was raised slowly about the bomb. After the bomb cooled,
the operator, entering in front of the walls, replaced the

freezing mixture with carbon dioxide "snow".

Apparatus Number 2.

After each bomb was filled with its respective gas,
it was packed in "dry ice". The mercury in the connecting U-
tube was then frozen by a similar packing. Thus at the commence-
ment of a run the two bombs and the connecting U-tube were all

frozen.
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The solid carbon dioxide in the Dewar flasks was first
made into a soft slush by adding cold acetone. This was done so
that the flasks could be easily removed without straining the
glass tubing. The center U-tube was then submerged as much as
possible into the.freezing mnixture. This was done in order +to
create as great as possible a contraction in the mercury in the
U-tube, thus allowing for an expansion of the mercury in the
bombs and their connecting capillary tubing when the thermostats
were raised. Some expansion occurred in the capillary tubing
before all the meréury had melted in the bottom of the bombs.
The above precaution prevented the possible cracking of the
capillary due to this expansion.. The thermostats were then
cooled and the Dewars removed from around the bombs. In raising
the baths, care was taken to submerge all the mercury in as
short a time as possible. If this were not done the mercury in
the lower part of the bomb and ecapillary which was submerged
first, would melt, and, since there was mercury above it which
had not yet melted, the tube would be cracked due to the ex-
pansion.

The temperatures of the thermostats were then adjusted
so as to give approximately the same pressure in each bomb.

The Dewar flask was then lowered framAafound the connecting
U-tube. The correct temperatureS-WereAtaken from the vapour-
pressure curve of carbon dioxide and ethylene as determined by

former workers.
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An isothermal run was made by keeping the ethylene
bomb at constant temperature and changing the pressure by
changing the temperature of the carbon dioxide bomb. The volume
of the ethylene was determined from the height of the mercury
surface as described above.

In closing the apparatus down, care was taken that the
tip of the U-tube only was frozen at first to allow for the
maximum contraction when starting the next run; otherwise the

procedure was the same as for apparatus number 1.

A Note on Explosions and Their Causes.

The bombs used in these experiments had to stand a
pressure of from fifty to fifty-one atmospheres. Because of
this only specially selected glass was used and was treated with
great care. In cleaning the glass, care was taken not to damage
the inside surface, either by the use of harsh cleaning agents,
or by scratches. In working the glass the seals were always
annealéd slowly with a hand torch. Despite all care %o prevent
explosions no satisfacfory techniqué of construction was found.
During the course of the investigation, fifteen complete bomb
assemblies were constructed. Of these only three were suffi~
ciently strong to be of use.

The bombs were always tested to seventy-five atmos-
pheres pressure on a Caillete pump before being assembled. It
was not practical to test them for more than a half hour, yet

bombs which stood this test often exploded after several hours
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under fifty atmospheres pressure. Two types of explosion were
observed. The first was a violent and complete collapse of the
bomb wall. The second was a breaking of the capillary U-tube.
The first type of’explosioh.was attributed to a weak-
ness of the wall of the tube itself, perhaps caused by strains
produced in the working of the glass and by the nature of the
inside surface. In an attempt to overcome this, the effect of
annealing the glass was studied. . A series of small bombs, made
of the same tubing, were tested for their bursting pressures, some
being annealed and others un-annealed. The annealing was carried
out by placing them in an oven and heating to above 550°C for two
hours and then cooling over a period of twelve hours. No repro-
ducible or uniform effect could be observed from these experiments.
The breaks in the U-tube were sometimes caused by a
careless manipulation of the freezing and melting of the mercury
necessary iﬁ using the apparatus. The precautions adopted to
avoid this are outlined above. This type of break usually caused
a lengthways split of the capillary. More often, the U-tube would
shear off at the curved parts. This appeared to be due to a
Burdon effeet on the bends, when they were heated and cooled
through a temperature range of approximately 90°. This was an
inherent fault in the apparatus and nothing could be done to

prevent it.



THE EXPERIMENTAL RESULTS

The experimental results can be conveniently divided
into two sections. The effects produced by thermal compression
on the ethylene and air-ethylene systems naturally belong together.
The second division contains the data of the pressure isothermals
and various calculations arising from them. As well as the main
results, both of which give us new information about the general
problem of critical phenomena, the experiments necessitated the
repeating of much earlier work. This independent check on former
results is not unimportant, and in general corroborates and

extends them.

The Compression experiments.

Compression experiments were carried out on three
different systems. The first two were with pure ethylene of
average density, 0.1944 gms./c.c. and 0.2166 gms./ce. The third
was with an air ethylene system of average density, 0.2108 gms./c.c.
All of these measurements were made with the same bomb assembly.
Tt was first filled to a density of .1944 gms./c.c., then emptied
and re-filled to 0.2166 gms./c.c. The air ethylene sample was
obtained by freezing the second filling with liquid air, opening
the tip of the bomb, and re-sealing. Some ethylene was lost in
the procedure giving the somewhat lower mean density of 0.2108
gms./c.c. The air admitted was the ordinary air of the room and

was calculated to be 1.5% of the contained gas by weight. This



bomb unfortunately exploded before all of the data desired of

the air ethylene sample could ve obtained.

The Density Isochores of the Systems.

As pointed out above, it was necessary to obtain com-
plete density isochores of each fillingvbefore measuring the
effect of compression. Tables I and II give these data for the
pure ethylene samples. Figures 4 and 5 show the density curves.
The solid white cirecles are the experimental points. The upper
curve (A) is the heating curve and the lower (B} the cooling
curve. Geddes and Maass have reported two_isochores of this
type for ethylene (19). McIntosh and Maass have also reported
the complete density hysteresis curve for ethylene (20). The
results of the present measurements are in complete agreement
with McIntosh and limass and differ from those of Geddes and
Maass in that the mean density is reached at approximately one
degree above the eritical temperature, rather than four or five
degrees. This difference has already been discussed by
McIntosh and is atiributed by him to the probable contamination
of Geddes' sample of ethylene (19). However, the results are
in general agreement with all others reparted for ethylene, and
are in accord with similar experiments on.propylene‘and methyl
ether obtained in this laboratory (17,18}.

The density isochore for the air ethylene system differs
from that for pure ethylene. It has already been reported by

McIntosh and Maass that for an air ethylene mixture the mean



TABLE I

Density Temperature Curve

Mean Density .1994 gms./c.c.

Temperature °C Density gms./c.c.
8.00 .2658
8.50 «2554
9.00 «2385
Q.17 «2263
9.37 .2158
Q.97 -2085
2.87 «2036

10.47 2010
10.97 .1994
11.27 .1994
9.95 .1994
9.50 .1994
9.40 . 1997
9.10 ;2007
9.00 «2200

8,50 « 2043



TABLE II

Density Temperature Curve

Iiean Density 0.2166 gms./c.c.

Temperature °C Density gms./c.c.
8.00 « 2663
8.60 « 2004
8.80 - 2495
9.00 .2445
9.10 <2416
9.30 - 2327
9,50 2277

10.00 «2206
11.50 .2166
9.50 2166
9.40 .2169
9,30 2200
9.10 -2331
9.00 »2395

8.80 . 2476
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density is not reached at temperatures well above the critical,
and that the cooling curves for such systems fall only slightly
below the heating curves making only slight hystereses. In both
these respects air ethylene systems differ greatly from pure
ethylene systems (20). The density isochores for the system
reported here are given in tables III and IV and are shown
graphically in figures 6 and 7. The behaviour observed is exactly
as described by licIntosh. Two complete curves were taken. In
the latter case the system was heéted to 34.5°C. This is, mueh
higher than any formerly reported and it is of interest to note
that even 25° above the critical temperature the system is not
yvet homogeneous but shows a density difference of 7%. The mean
density was obtained by "molecular stirring" as described above,
and after such treatment the density was found to be independent
of the temperature at temperatures above the critical temperature.
It will be seen that the data of table IV do not agree
with those of table IIT, yet both were measured in the same way
on the same apparatus with the same filling. The figures of
table IV were obtained immediately after the airiwas added. The
ethylene was melted and the density measurements taken as soon
as the system had reached the necessary temperature. These
values could not be repeated at any later time. The data of
table III were obtained after the bomb had been heated up and
subsequently cooled. The figures were checked several times

later and no disagreement was found. It is considered likely



TABLE I1X

Air Bthylene Mixture

Density temperature relations after standing
at -78°¢ for at least 12 hours or longer

TPemperature °C Density gms./c.c.
8.60 « 2703
9.00 «2678
$.90 2644

10.00 « 2604
11.00 e 2943
12.00 « 2432
14.00 «2405
17.00 « 2338
20,00 2294
17.00 2324
15.00 2365
12.50 2442
11.00 «25350
9.50 «2629
8.60 « 2695

8,00 « 2767
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TABLE IV
Air Ethylene Lixture

Density Temperature Relations immediately
after adding air to the solid ethylene

Temperature °C Density gms./c.c.
8.60 «2740
8.90 «2722
9.20 »2715
2.50 «2699
9.80 2688

10.30 «2659
12.30 «2546
13.80 . 2486
15.30 24352
16.80 L2391
18.30 « 2305
19.80 2334
21.30 2314
24.30 2280
27 .50 « 2260
30.30 « 2247
34.50 «2230
28.00 «2251
22+00 - 2283
16.50 «2352
12.00 « 2530
10.00 «2621

3.00 «2695
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that the first measurements made differ from all subsequent ones
because the air had not yet dissolved in the ligquid phase. This
process apparently takes place very slowly and is probably greatly
aided by heating and cooling the system. These observations were
not repeated because this necessitated opening and re-filling

the bomb.

The critical temperature is defined as that temperature
above which there is no visible demarcation between the phases,
as the system is heated in a stationary bomb. With pure ethylene
this phenomenon can be easily observed, and an agreement to
.01% is found between many observations by different people.

The author records 9.5000 which is the accepted critical temper-
ature for ethylene. As has been pointed out by Geddes (19}, this
temperature is reproducable only if the system is cooled well
below the critical temperature and then heated up to that temper-
ature. The temperature of reappearance of the meniscus on
cooling the system from above the critical temperature is .3%¢C
lower than the critical. With pure ethylene, this phenomenon
too takes place over a very narrow temperature ;egion, and all
observations are in agreement. On the other hand, with air-
ethylene systems, both the phenomenon of disappearance and re-
appearance of the meniscus take place gradually over a wide
temperature range, and in such a manner that the observer cannot
be sure when the demarcation disappears. However, at 9.5006

a noticeable difference occurs with the complete disappearance
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of a surface and the formation of a widening region of changing
refractivity. This phenomenon can be considered as indicating
the critical temperature. With the air-ethylene mixture the
meniscus reappears by the contraction of such a region rather than
by the formation of a fog of droplets, as is the case with pure
ethylene. In both cases noticeable brown colour appears in the

surface region.

The Effects of Compression.

The results of the compression experiments on ethylene
are listed in tables below. The data have been presented in
three sections. The first deals with the results obtained when
the substance was maintained at a higher temperature than the
‘elassical critical of 9.5000; the second, with those results
obtained between 9.50°C and 9.20°C; and the third group with
those of temperaﬁures of 9.17° and lower. The reason for this
classification is that at 9.17°C spontaneous condensation occurs,
and a liquid phase is formed which possesses a density, as
measured in this manner, different from that of the original
liquid of the same temperature. There is thus seen to be three
broad divisions of the system, the first being at temperatures
above the last visual heterogeneity; the second at temperatures
lower than this, but above the temperature of spontaneous conden-

sation, without compression; and the third at temperatures below

that at which the meniscus normally reappears.

Table V contains the compressional data obtained with



both samples above the critical temperature. The measurements
designated "T" refer to compression with the jacket in position.
The other measurements were made by exposing the upper part of
the bomb to the air of the room. Times of compression are also
recorded in the table.

Table VI gives the data for the temperatures between
9.20%¢ and 9.50°C. The observations marked "C" indicate that
the meniscus re-formed subsequent to compression.

The results below 9.17°C are given in table ¥II. The
symbol "T" has the same significance as before.

Table VIII gives the density relations and meniscus
positions of the various two phase systems both before and after
compression.

These results are represented graphically in Figures
4 and 5. The open circles are obtained with the heating jacket
in position, the closed circles when no jacket was used.

The technique of the experiments has been described
above. It is important to note that all compressional data
were obtained upon systems which were originally in a state re-
presented by curve B in the diagrams. At no time after compression
was any part of the system at a temperaturs lower than that of
the thermostat. luch of the data was checked satisfactorily by
repeating the experiments. The three divisions made above for
the presentation of the data are maintained for their interpre-

tation.



~52~

TABLE V¥

Summary of the Results of Compression

above the Critical Temperature

Temperature °C Density gms./c.c. Duration, ilins.

Part I  Average Density 0.1994 gms./c.c.

9.50 «2060 - T
9.50 «2060 30 T
2.20 « 2060 51 T
9.30 .1994 30 -
2.60 «2048 a T
9.60 .2048 9] T
9.70 «2030 - T
9.70 .1994 10 -
Part II Average Density 0.2166 gms./c.c.
9.70 «2220 7 T

9.50 .2230 7 T



TABLE VI
Sumary of the Results of Compression below the
Critical Temperature and above the Temperature

of Reappearance of the Meniscus

Temperature °C Density gms./c.c. Duration, Iins.

Part I Average Density 0.1994 gms./c.c.

9.40 .2074 10 T
3.30 .2081 10 T
2.20 C «2217 10 T

Part II Average Density 0.2166 gms./c.c.
9.30 2270 10 T

g.20 C 2314 10 T
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TASLE VIT

Summary of the Results of Compression below

the Temperature of Meniscus Reappearance

Tempera ture % Density gms./c.c. Duration, Mins.

Part I Average Density 0.1944 gms./c.c.

g.10 « 2350 5] T
2.10 2333 - T
9.00 2426 - T
9.00 L2391 - -
8.80 2472 - -
8.90 « 2564 - -

Part IT Average Density 0.2166 gms./c.c.
9.00 02406 - T
8.80 « 2492 - T

8.80 . 2436 - -



Temperature % Compression

TABLE VII1

Compressional Experiments. Density Relations and Meniscus Heights.

Density
after

8.50

880

9.00

9.10

8.80

«2564

2472

2426

«2338

« 2486

Meniscus
Density Density Meniscus Meniscus after
Curve A Curve B Curve A Curve B Campression
Mean Density 0.1994 gms./c.c.
2554 «2543 20.8 20.3 20.8
2466 - 21l.1 19.7 20.8
.2385 - 21.3 18.9 20.7
.2330 - 2l.4 18.0 20.7
Mean Density 0.2166 gms./c.c.
. 2495 2476 - 26,3 27.0

-GG~
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(1) Above the critieal temperature it is clear that thermal
compression of a homogeneous system re-creates heterogeneity.

It has been found by many earlier workers that a heter-
ogeneity of demsity persists above the critical temperature as
defined as that temperature at which the meniscus disappears.
This heterogeneity was found to be destroyed by heating to a
temperature well above the critical, by expansion and compression
to the proper density values, by temperature fluctuations, and by

"molecular stirring®. No method had been found to reverse this
phenomenon, that is, to create a hetefogeneous system from a
homogeneous one, except by cooling below the point of condensation.
Thermal compression as deseribed above is such a method. Its
main significance is that since the system is not cooled below
the temperature of condensation, the density heterogeneity cannot
be explained as the effect of an extramely’slow_density change
with rising temperature, as has been suggested by some workers.

Another hypothesis is suggested below.

The amount of heterogeneity which is reformed by the
compression is independent of the magnitude and duration of the
temperature gradient. This can only be claimed within thekranges
of ﬁime and temperature difference observed in these experiments.
It is not unlikely that very brief time or slight temperature
difference would not re-create the same density difference.

The heterogeneity re-formed does, however, depend on

the rate of re-establishment of uniform temperature along the
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length of the bomb, that is, on the rate of removal of compression.
In this region, above the critical temperature, heterogeneity only
persists after a slow removal of compression. This is seen from
the fact that compression by means of the water jacket does cause
persistence while compression by means of exposing the top of the
bomb to the temperature of the room does not. The insulating effect
of the water jacket has already been cormented on. This difference
must be due to the rate of temperature return since particular care
was taken to see that, after compression, the temperature of the
thermostat was reached in both cases.

Density readings taken subsequent to compression always
became constant in less than thirty minutes. Experiments were
made to show that the constancy did not tend to disappear and was
as persistent as that observed when heating the system from.bélow
the critical temperature. Demnsity readings were made as long as
a hundred minutes after constant density had been observed. No
further change could be detected.

(2) At temperatures below the critical temperature and above
the temperature of reappearance of the meniscus the effect of
compression was similar to that above the critical femperature. An
important difference, however, was that at a temperature slightly
greater than the temperature of reappearance of the meniscus com-
pression caused a persistent condensation of a liquid phase. At
such a temperature the rate of removal of compression had only a

slight effect, for once the liquid phase separated, its density



was only slightly less after a rapid removal of temperature
gradient than when the heating jacket was used. The liquid which
condensed at 9.20°C was of a different density than that of the
original heating curve at 9.20°C. An explanation of this differ-
ence is offered in the next paragreph.

(3) Below the temperature of reappearance of the meniscus
there is always a liquid phase present. Thermal compression of
such a system, in the state represented by curve B, in the
diagrams, results in the increase of the density and the amount
of the liguid present. The rate of removal of compression and
the extent and duration of eompression have little effect within
the range investigated. The increase in density of the liquid
is such as to re-dreate the originzal density of the heating curve.
In the case of the first sample (mean density 0.1994 gms./c.c.)},
the liquid formed by compression at 9.00°C was slightly denser
than that of the original heating curve. Since this occurred
only with the sample of lower demsity, it is thought to be due
to the following fact:

The branching of the density-temperature curves from
a common density curve at lower temperatures, for various mass
volume ratios, occurs at some temperature below 9.0000 for mean
densities less than 0.200 gms./c.c. For this reason it is possible
to have a stable liquid at 9.00% of higher density than the heating
curve of a system of mean density .1994 gms./c.c. Such a liquid

is formed by compression. Tables VII and VIITI give the effect of
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compression on the density and amount of liquid. Two concepts of
what constitute the ligquid phase have been suggested which give
explanations of the existence of different densities for the same
liquid at the same temperature. Geddes has applied the theory of
orientation, while Bradley, Browne, and Hale (55) have followed
Traube in making a distinction between the molecules of a "real®
liquid and a "real” gas. This subject will be referred to in a
later section.

The data for the air-ethylene system is given in Table
IX and appear graphically in figure 6. Heterogeneity was re-
created by compression in the same manner as with the pure ethylene
system. One difference is to be noted - the duration of compression
determined the decree of heterogeneity produced, the density differ-
ence becoming greater the longer the compression. No such effect
was observed with pure ethylene. An air-ethylene system, above the
temperature of condensation, which has been subjected to "molecular
stirring™, has the air distributed evenly throughout. The system
is therefore similar to pure.ethylene on curve B, with air dissolved
in it. The effect of the air may be to slow down the formation of
the heterogeneity; in this way increased duration produces greater

density difference.

Pressure-Volume Isothermals of the System Ethylene.

By means of apparatus number 2, already described, the
pressure-volume isothermals of the system ethylene were obtained

between 8.92% and 10.00°C. The data is presented in Table X and
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TABIE IX

Compression of the Air-Ethylene llixture

Mean Density 0.2108 gms./c.c.

Density before Density after

Temperature.oc Compression Compression Duration
9.90 .2189 2214 10 mins.
8.80 .2597 2870 10 mins.
9.50 .2189 2284 80 mins.

12.00 .2108 .2121 10 mins.
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TAiBLE X

Pressure-Volume-Temperature Relations of Ethylene

Bxperimental Amount of Specific Pressure
Volume Ethylene Volume in
in c.c. in gms. in c.c. Atmospheres

Isothermal at 8.92°C

2e 0.716 5.963 49.92
2,987 0.716 5,613 49.73
2.672 0.716 3.731 49.54
2.833 0.716 4.040 49.45
3.271 0.716 4.568 49.45
3.681 0.716 8.141 49,46
4,303 0.716 6.009 49.38
4,317 0.716 6.029 49.34

Isothermal at 9.2200

2.590 0.716 3.617 a0.18
2.613 0.716 3.649 50.06
2.665 0.716 3.708 49.96

2.715 0.716 3.791 49.87



Experimental
Volume
in c.c.

2.794
2.830
2.970
3.284
3.666
3.876
4.006

4.174

2.710
2.735
2.838
2.9920
3.176

3.300
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TABLE X (cont'd)

Amount of Specific
Ethylene Volume
in gms. in c.c.

Isotherma] at 9.22% (continued)

0.716 3.902
0.716 3.952
0.716 4.148
0.716 4,586
0.716 S5.120
0.716 5.410}
0.716 0.9%4
0.716 8.831

Isothermal at 9.4200

0.716 3.770
0.716 3.819
0.716 3.963
0.716 4.120
Q.716 4.437
0.716 4,609

Pressure

in
Atmospheres

49.83

49.80

49.75

49.75

49,73

49.72

49 .68

49.65

20.26

50.15

20.06

90.02

49,99

49,99
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TABLE X (conttd)

Experimental Amount of Specifie Pressure
Volume Ethylene Volume in
in c.c. in gms. in c.c. Atmospheres

Isothermal at 9.42°C (continued)

3.550 0.716 4.958 49.97
3.7235 Q.716 5.199 49.94
3.910 0.716 9.446 49.90
4.104 0.716 9.731 49.85

Isothermal zt 9.50°C

2.705 0.716 3.777 20.44
2.722 0.716 3.801 90,34
2.762 0.716 3.897 80.24
2.789 0.716 3.895 80.21
2.829 0.716 3.901 20.19
2.908 0.716 4.047 30.14
2,970 0.716 4.148 90.12
3.230 G.716 4.519 50.08
3.455 0.716 4.826 00.07
3.624 0.716 5.06L 20.05
3.897 0.716 9.386 49.98

4,197 0.716 5.861 49.92
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TABLE X (conttd)

Experimental Amount of Specifie Pressure
Volume Ethylene Volume in
in c.cC. in gms. in c.c. Atmospheres

Isothermal at 9.6000

2.695 0.716 3.763 20.92
2.713 0.716 3.775 30 .45
2.756 0.716 3.849 50.34
2.804 0.716 3.986 a0.27
3.135 0.716 4.378 50.18
3.3560 0.716 4.692 80.17
3.512 0.716 4.891 20.15
3.607 0.716 5.037 20.14
36710 0.716 5.181 20.13
3.899 0.716 9.389 50.09
4.020 0.716 9.614 a0.05

Isothermal at 9.70°C

2.823 0.722 3.909 90.42
2.884 0.722 3.994 90.35
2.933 0.722 4.090 50.30

3.109 0.722 4.306 90.28



Experimental
Yolume
in c.c.

3.187

3.318

S.414

3.640

3.882

4,004

2,761

2.776

2.808

2.863

2.902

2.994

3.025

3.066
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TABIE X (cont*d)

Amount of Specific
Ethylene VYolume
in gms. in e.c.

Isothermal at 9.70°C (continued)

0.722 4.414
0.722 4.605
0.722 4,729
0.722 9.041
0.722 2.381
0.722 9.546

Isothermal at 9.80°C

0.722 5.824
0.722 3.844
0.722 3.889
0.722 3.963
G.722 4.019
0.722 4.091
0.722 4,189
0.722 4.246

Pressure

in
Atmospheres

80.28
50.27
50.25
20.22
50.18

50.17

20.65
90.61
20,96
50;50
30.47
50.44
a0.42

20.40



Experimental
Volume
in c.c.

3.108

3.197

3.262

3.328

3.464

3.635

2.770

2.807

2.854

2.923

2.961

3.030

3.072

3.132
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TABLE X (cont'd)

Amount of Specific
Ethylene Volume
in gms. in c.c.

Isothermal at 9.80°C (continued)

Q.722 4.304
0.722 4.429
0.722 4.518
0.722 4.609
0.722 4.792
0.722 2.030

Isotherm=l at 9.9000

0.722 3.837
0.722 3.890
0.722 3.9953
0.722 4.048
0.722 4.101
0.722 4.197
0.722 4,255
0.722 4.338

Pressure

in
Atmospheres

20.39
90.3¢
20.38
30.37
20.34

a0.32

20.74
20.69
20.65
20.60
20.57
90.54
90.52

50.51



Experimental
Volume
in c.c.

S.224

3.302

3.512

3.737

2.820

2.913

3,005

3.045

3.083

3.155

3.236

3.396

3.750
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TABIE X (cont'd}

Amount of Specific
Ethylene Volume
in gms. in c.c.

Isothermal at 9.90°C (continued)

0.722 4.466
Q.722 4,574
Q.722 4.864
0.722 2.178

Isothermal at 10.00°C

0.722 %.905
0.722 4.034
0.722 4.162
0.722 4.217
0.722 4.270
0.722 4.370
0.722 4.482
0.722 4,703
0.722 5.194

Pressure
in
Atmospheres

50.30

20.48

20.42

50.79

80.72

20.67

50.66

50.64

20.63

20.61

20.97

30.51
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appear graphically'in figure 8. The method of measurement is
already described.

It was found that both above and below the critical
temperature, the isothermals showed‘regions of density where
[%'e\ 20 . Such a region couldk no longer be observed on the iso-
thermal at lO.OOOC. The complete envelope of this region was
determined and appears in the disgram. The lower curve shows the
manner in which this envelope would be drawn, rounding off at the
critical temperature, on the basis of the classical theory. The
upper curve, experimentally determined, includes a shaded regioﬁ
wherein[g-% T"O above the critical temperature. The envelope
of this region should represent the true density-temperature curve,
and anywhere within it the system.behaves like a truly two phase
system, although in part above the‘critical temperature. An
objection arises in that a one phase system of very great com-
pressibility would behave like a two phase system, in that
would apparently equal zero. In an attempt to clear this point,
the direction of measurément along the isothermal a% 9.60°C.Was
reversed, that is, the substance was first expanded to a point
beyond the flat region of the isothermal and the pressure then
increased. After temperature equilibrium had been reached, the
pressure was maintained constant for ten minutes. A series of
measurements with increasing pressures were made in this manner,
and the upper curve of figure 9 was obtained. The data appear in

table XI. This shows that the compressibility of the system is
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TABLE XT

Isothermal at 9.60°C

Expansion from Liquid and Compression from Vapour

Exyerigental Volume Pressure in
in c.c. Atmospheres
Expansion
2.695 20.52
2.713 50.45
2.756 50.34
2.854 50.27
3.135 50.18
3.360 50.17
3.512 50.15
3.607 50.14
3.710 50.13
3.859 20.09
4.024 50.05
Compression
4,000 50.10
3.958 50.16
3.903 50.20
3.782 50.23
3.586 50.29
% .148 o0.34
2.858 50.36

2,753 20.42
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dependent on its former history. That the points on the lower
curve are not dependent on the previous condition of the system,
provided that expansion into the "gaseous" region had not occurred,
was éhown by repeating a point upon the flat vportion seﬁeral days
later. This was done simply by adjusting the pressure to the
desired value, whereupon the system expanded directly to the
correct point from a system of higher density. No change was sub-
sequently observed. The last "vapour" point shown on the diagram
was similarly reproduced and no tendency to change was found. The
repeated points are shown in the diagram as darkened circles.

The question of the stability of the upper curve was
then investigated. After expansion into the "gaseous'" region the
system was adjusted to give the triangular point on the upper
curve. The volume was then maintained constant and the change
of pressure with time taken. It was found that the pressure fell
to the original isothermal where it remained constant. The figures
are given in table XII. That this behaviour involves a time of
the order of an hour makes it clear that we are not dealing with
a highly compressiblé gas.

A magnetic stirrer was included in the ethylene side
of this apparatus, as was already described. This was done since
the question of mechanical mixings was emphasized in criticism of
the work done in this laboratory. A heterogéneous system was

obtained at 9.51°C. This was done by heating the two phase system



TABLE X1
Experimental Pressure Time
Volume Temp grature in in
CeCe C Atmospheres Minutes
3.59 9.60 50,28 Q
3.55 9.60 50.27 7
34955 9.60 50.24 13
3.55 2.60 50.22 20
3457 9.60 50.20 26
3.97 9.60 50.18 34
4,57 g9.60 50.18 40

Note: Zero time was taken at about twelve minutes after the

original pressure adjustment.



up to 9.510 in the stationary bomb. The pressure was carefully
recorded. The system was then violently stirred for a period of
twenty seconds and the pressure again taken. This procedure was
repeated several times, during smd after which no change in
pressure could be detected. Although no moveﬁent of material
could be seen during the stirring, it was of sufficient violence
to cause visible transfer of the liquid into the vapour phase at
terperatures below the critical. It may be noted here that the
phenomena observed in this apparatus, without a guartz spiral,
were similar to those reported by previous workers. This obser-
vation refutes the suggestion of Ruedy (57) that the presence of
a spiral, acting as a deterrent to the diffusion of the systenm,
is the reason for the anomalous behaviour observed in the criti-

cal region.

Pressure of the Heterogeneous and Homogeneous Systems at 9.5100

Considerable interest has centered around the question
of whether the heating or cooling curve of a typical density
isochore (see figure 4) might not be the more stable. -This
question of stability should be settled by a measurement of the
pressure of both curves at the same temperature.

The procedure was as follows:

The volume of the system was fixed, by freezing the
mercury in the central U-tube, at a value known to produce a
heterogeneous system. The temperature of the mercury was brought

up to 9.51°C thus producing such a system (Curve A). The mercury
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was melted and the pressure of the system determined. The mercury
was again frozen. The system was then heated to above 11.5%

and twenty minutes allowed for equilibrium to be reached. After
cooling to 9.51° again, a system of homogeneous density was obtained
(Curve B). The mercury in the U-tube was then melted and the
pressure again determined.

Throughout the range of densities studied, the pressure
of the(A and B curves are the same and are independent of the
mass-volume ratio of the system. The data appear in table XIII.
These pressures agree with the flat portion of the isothermal at
9.51°C. A caleulation checking this appears beneath the table.
Furthermore, the density range covered by the flat portion of the
isothermal at 9.50°C is from 0.231 gms./c.c. to 0.198 gms./c.c.
approximately, which agrees with the range of densities found for
9.51°C.

Since the pressures of the cooling and heating curves
are the same, it must be concluded that the homogeneous and heter-
ogeneous systems are equally stable. Within the loop formed by
the density hysteresis curve, any point is just as stable as
those above and below it. Since the pressures of a system along
a cooling curve are independent of the mass-volume ratio over the
range of densities represented by the flat portion of an isothermal,
although of homogeneous density, it does not behave as a true gas.

Turther measurements ofrthis type were made using a new

experimental assembly. Pressure-temperature curves at constant
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TABLE XIIT

Pressure of the Homogeneous and Heterogeneous Systems

Average Density Pressure A Pressure B Temperature
in gms./c.c. in atmos. in atmos. in %¢
.1990 50.08 50.08 9.51
2040 50.08 50.08 9.51
.2090 50.08 50.08 9.51
.2173 50.08 50.08 9.51
.2287 50.08 50.08 9.51

Pressure of the flat portion of the Homogeneous

Isothermal at 9.50°C is 50.07 atmospheres. dP for horizontal
dT

regions is,

50.51 - 5Q.07
9.90 - 9.30

<4 = 1.1 atm./c.c.
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volume were determined for three different mean densities, both
on heating andtcooling; These data appear in table XIV.

Comparing the daﬁé.of’t&ble,XIV'with the isothermals
of figure 8, it is clear that as long as the system has a mean
density represented by a point within the envelope, its pressure
is independent of the mass-volume ratio. This pressure corres-
ponds to the pressure of the flat region of the isothermal of the
same temperature and is the same whether an A or a B isochore.
A11 the systems therefore, must be equally stable, and, since the
isothermals have already been shown %o be\in equilibrium, the
other systems must be eguilibrium systems.

Once outside the shaded regiﬁn, the pressure is seen
from the data to be dependent on the volume; the system behaving
as a one phase system.

The pressure temperature curves are reversible, which
again shows that along the cooling curve of an isochore‘the
system behaves like a two phase system, even above the temperature

of condensation.



TABLE XIV

Pressure Measurements of Heterogeneous Systems

Temperature Pressure, Atm. Pressure, Atm. Pressure, Atm.
in Density - Density - Density - Pressure of
Degrees C .2046 gms./c.c. .2109 gms./c.C. .2270 gms./c.c. Isothermals
Heating
9.00 49.90 49.51 49,30
J.20 49,74 49,75 49,74 42,74
2.50 50.06 50.07 50.06 50.07
9.80 50.38 50.3¢ 50.40 50.39
10.50 51.13 51.15 51.22 Limit of
11.00 51.66 51.69 51.84 flat
Cooling portion of
10.50 51.12 51.15 51,22 isothermal
2.80 50.39 50.40 corresponding
9.50 50.06 50.07 50.06 to limit of
9.20 49,74 49.75 49,74

9.00 49.50 49.51 49 .50 at 10.00°¢
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The Vapour Pressure of Ethylene between 8.92° and 9.90°C.

The vapour pressure curve of ethylene in the critical
region was determined from the isothermals given above. The
values are given in table XV and graphically represented in
figure 10. The pressure for any teﬁperature was taken as the
average of the pressures of the region where [%}Tzf]'-‘-o. The
accuracy of measurement was 0.0l atmbspheres; howegz;, because
these are average values an extra figure is included although
of doubtful signifiecance. As would be expected, over this
narrow range of temperature, the vapour pressure is seen to be

a straight line function of the temperature.
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TABLE XV

The Vapour Pressure of Ethylene

Terperature Vapour Pressure
8.92 49,453
9.22 49,743
Q.42 49,983
9.50 20.066
2.60 50.166
9.70 20.276
9.80 50.386
9.90 50.510

From Figure 10: dp 50,600 - 49.450 atm./°C
aT 9.975 - 8.960

1.150 atm./°C
1.015

1.133 atm./ C



{ —

Q
Q
')

WD “UNSSIAS

50-5
49.5

/10

<
Tﬁ:’?l,\.:.,

&
\-4'-

B

ik igure /O



82—

The Heat of Vapourization of Ethylene in the Critical Region.

The latent heat of vapourization may be calculated from

the Clausius-Clapeyron egquation

TE = A
daT Vo - V3
where )\ = latent heat of vapourization
Vo = volume of the saturated vapour
Vg = volume of the saturated liquid

The value of dP was determined graphically from the fig-
ures of table XV, whilthhe specific volumes of the safurated
liquid and vapour were evaluated from the envelope of figure 8.
These values together withr the calculated value of X appear in
table XVI. A graph of the latent heat-temperature eurve appears

in figure 11. It is seen that the latent heat does not reach

zero at the eritical temperature but at a point somewhat higher.



9.448

2.176

4.896

4.800

4.688

4.596

4.3520

4.400
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TABLE XVI

latent Heat of Vapourization of Ethylene

4.000

4.072

4,224

4,256

4.256

4.256

4.280

4.400

in the Critical Region

282.1

282.4

282 .6

282.7

282 .8

282.9

283.0

283.1

ap
dT

1.133
1.133
1.133
1.133
1.133
1.133
1.133

1.133

A V-7V
cal./em. 2 1
11.19 1.448
8.5% 1.104
5.20 .672
4.21 544
3.34 432
2.63 <340
1.86 .240

o 0
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The Predietions of Harrison and Mayer and their Comparison

with Experiment.

Harrison and Mayer, by the application of Statistical
Liechanics to condensing systems, have arrived at conclusions
renarkably similar to those observed by Maass and his co-workers
(58). qun and Fuchs, and Frenkel have presented similar mathe-
matical examinations of the critical phenomena (59,60]).

They have predicted that discontinuities of various’
properties of the condensed phase should occur in the region of
the classical cfiﬁieal temperature. In particular, the densities
of the two phases should not be equal at the temperature of dis-
appearance of the meniscus. These coneclusions had already been
shown by lMaass and others to be true. However, Harrison and
Mayer went further and predicted the probable behaviour of a
condensing system under various conditions. Of major importance
was the conclusion that a region where {%%»} =0 should exist
above the critical temperature. This was contrary to the accepted
jdeas of the critical change. It was important therefore, that
this conclusion should be tested experimentally. That no measure-
ments of sufficient accuracy had been made in this region, was
one of the eonsiderationsrwhich led to the determinatioﬁ of the
igsothermals given above.

Figure 1 of their paper is reproduced in Figure XII.

Their description of this diagram follows:
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"In this figure pressure is plotted as a funection of
volume, at various temperatures: the heavy solid lines. The
curves at two characteristic temperatures Tm and Te are especi-
ally marked. The shaded area enveloped by the dashed line is
the region in which the lines are horizontal, that is where
the right hand boundary of this region is called vs, the wlume
of the saturated vépour, the left hand boundary vf is the volumé
of the condensed phase. The dotted lines inside the shaded area
represent the extrapolated pressure of the supersaturated wapour.
The dot-dash line on the left hand side of the shaded area at
Tm revrresents a discontinuous transition in the properties of
the condensed phase.

"Below Tr the isothermals show discontinuous changes
of slope at wvs and vf. At Tn the surface tension of the condensed
phase disappears, and.above Tm there will be no visible sharp
meniscus between condensed and dispefsed phase. The discontinuous
transition in the condensed phase shows no heat of transition at
least at the vapour Pm «.occevee. The isothermals go continuously
with continuous change of slope through the shaded region between
Tm and Te. At Tc the isothermal has a horizontal tangent at only
the one point ve, Pe. Above Tc the isothermal is never horizontal;

"The part of the diagram to the right of Ve, and all of
it above Te, is deduced strictly from the equations of the previous
article. The portion to the left of vc and below Te represents a

logical guess from the nature of the kinetic picture deduced from
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these ecuations. - The guthors, however, are less certain of the
details of this portion of the diagram.

"Below T and above Tc the diagram corresponds to the
usual conception of the diagram below and above the critical point
respectively. Between Tm and Te a system in the shaded area will
be expected to have certain unusual properties.m”

A comparison of this figure with figure XII will show
a striking similarity as to general form. The symmetry they
suggest is lacking, the experimental isothermals showing a more
nearly perpendicular boundary for Vf. However, this is not
surprising since the left hand of their curve is admittedly not
certain. The important prediction of a region above the classical
critical temperature where l&] =0 has been verified by |

o T
experiment.

A difference in the behaviour of the system on compression
from that predicted must be noted. To quote:

"Below Tm compression of the system through a volume
regibn between vs and vf will be accompanied by the separation of
two distinet phases of demsities 1/vf and 1/vf. The miscroscopic
density corresponding to a volume between vs and vf is unstable.
This is indicated on the diagram by the dotted lines showing the
higher pressure of the supersaturated vapour. As is well known
this phenomenon is associated with the fact that the surface

tension increases the vapour pressure of very small droplets of

1iquid.
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"Between Tm and Te, however, the denser phase has no
surface tension, and corresponding to this, the isothermals pass
smoothly through the condensing region, allowing no extrapolation
to higher pressure for the supersaturated vapour."

The experimental data do not agree with this picture.
Reversal of the measurement along the isothermal at 9.60°C re-
sulted in a pronounced hysteresis. That is, compression of a
system between Tm and Tc does not result in a smooth passage of
the isothermals into the shaded region. Some of this effeet is
probably due to a temperature lag. Compression will heat the
vapour causing the curve to rise above the normal isothermal.
However, since times of the order of one hour were necessary for
final equilibrium to be reached, it is felt that there must be
at least another factor. Such a time lag points strongly to the
existence of a structure in the condgnsed phase. This structure
would require time to be built up, thus accounting for the slow-
ness of equilibrium establishment.

Harrison and Mayer make several other predictions which
have not yet been tested experimentally. It will be of interest

t0 observe how far the theory agrees with fact.



DISCUSSION

In this discussion there will first be presented the
victure of the licuid - vapour transformation as it appeared to
the writer when the experiments described above were commenced.
This view was formed from the results of previous workers and
the difficulties and uncertainty in it led to the experiments
referred to. There shall then follow the changes necessitated
from them and the explanation of the critieal phenomena which
appears most reasonable.

There was no doubt that the simple classiecal explana-
tion of the critical phenomena was inadequate. The whole
hypothesis was based on the belief that at the critical tempera-
ture the two phases became identical. Extensive and convincing
evidence had been presented to show that this was not the case.
This evidence has been surmarized in the Introduction. In
particular, measurements of density, on various systems by many
investigators, had shown that the density of the two phases
differ considerably at the critical temperature. It is surprising
that this fact was neglected by earlier workers in the formation
of a general theory. In the original work of de la Tour (1)
the observation that the critical phenomenon occurs over a
range of mass - volume ratios, rather than at one discrete den-
sity, had been recorded. This fact alone can hardly be explained

except by admitting that the densities of both phases are not
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alike at the critical temperature. The possibility of this was
suggested by several investigatérs during the last generation
but it was not gntil comparatively recent years that it has met
with general acceptance.

The density difference had been found to persist indefi-
nitely at any one temperature, and could be detected several degrees
above the critical temperature. A natural explanation was forth-
coming, by postulating the continued existence of the liguid above
the temperature where the surface disappeared. However, this
region of denser material did not behave as a true liquid. It
could be destroyed by "molecular stirring”, by expansion, or by
heating the medium to a sufficiently high temperature. Once the
heterogeneity had been destroyed, on subsequent cooling to the
same temperature, or on compression fto the original volume, it
failed to re-form. In this respect it did not behave as a true
liquid. Because of this, the well known density hysteresis
oceurred on heating and cooling. That is, on heating the system
the density difference persisted above the critical temperature
and finally disappeared at a higher temperature. On cooling,
no heterogeneity was formed until the liquid finally condensed.
The picture was further complicated by the fact that the liquid
that condensed out on cooling was different in both amount and
density to that at the same temperature on the heating curve.

The density of the condensed ligquid did not agree with that of

the original liquid until one or two degrees below the critical
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temperature. O0f great importance was the discovery that the time
necessary for the establishment of equilibrium subsequent to a
change of conditions was much greater when the change was from
gas to licuid, than when vice versa. This was the case with both
temperature and volume changes.

The most reasonable explanation that was offered for
these phenomena was based on the concept of régional orientation
of the molecules of the liquid phase. It is well known that the
molecules of a substance can become oriented with respect to one
another. In a so0lid crystal this orientation is perfect. The
phenomenon of the mesomorphiec state has shown that considerable
orientation can exist above the melting point. In the gaseous
state, on the other hand, the molecules are in a random distri-
bution. This would be true of all matter at sufficiently high
temperatures, where the kinetic energy overcomes all attractive
forces. It is not unreasqnable to suppose that the liguid state
is intermediate between the sclid and gaseous. It is therefore
believed that a dynamic orientation exists in the liquid. This
is not sufficient to restrict all rotation of the molecules and
is limited to small regions. The molecules of any one region are
oriented to one another while many regions of this type exist
throughout the liquid. Constant changes occur, the life of any
one region being limited by the kinetic motion of the molecules.
New regions are constantly being formed and old omes disappear.

Evidence for such a picture was found in the time lag measurements
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mentioned above, and in the X-ray diffraction studies of Stewart
and his co-workers (36).

Applying this concept to the liquid state, it was
possible to explain most of the phenomena of the critical change
that had been observed. MNaass and Geddes have made use of such
an hypothesis (19). Below the critical temperature, the liquid
is an oriented homogeneous medium, the vapour is a random dis-
tribution of molecules. On heating the system, the forces tending
to destroy orientation are increased. At the same time the
density and pressure of the vapour increase. Eventually the
critical region is reached. Here a rapid destruction of strueture
takes nlace. However the surface disappears hefore all the
structure is destroyed, the remaining structure being concen-
trated in the bottom of a stationary tube. This surfaceless
region resembles a liquid phase. Although there is no true
surface there is a narrow boundary of steep density gradient.
The density will remain unchanged for an indefinite time. Ex-
‘pansion or heating will destroy the denser region as they'would
destroy a true ligquid phase. However it differs from the true
liquid in that subsequent compression or cooling does not re-
create a denser region. This was explained by the assumption
that once fhe structure was destroyed it could not be re-formed
until condensation had occﬁrred. Hence the heating curve of a
density isochore represents a pseudo two phase system above the

the eritical temperature, while the cooling curve is a one phase



vapour system until condensation takes place. The liquid which
separates out is less dense than the corresponding licuid on the
upper curve. This was explained by saying that the upper curve
represents a maximum amount of orientation for any temperaturs,
since we are passing from a system of high density to one of
lower, while the cooling curve represents the minimm amount of
orientation possible. Thus the two liquids are said to differ in
their degree of orientation. This briefly is a description of
the probable course of events in the light of the known facts

at the time the work of this thesis was commenced.

Several difficulties were evident. It was not clear
whether the heating or cooling curve of the isochores represented
the stable condition. Experiments on temperature fluctuations
had shown that the system would move from the upper to the lower
curve but never in the opposite direction. It would appear,
therefore, that the lower curve is the more stable; however
this behaviour could alsc be explained on the basis of time lags.
Pressure measurements which had been made on both curves had
been insufficiently accurate to indicate any conclusion. It
was therefore possible to say that the upper curve was due to a
super;heating effect while the lower was the really stable con-
dition. This opinion was further supported by the fact that the
condition represented by the upper curve ecould nevér‘be reached

except by approach from lower temperatures.

To explain the existenece of different liquids at the
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same temperature was difficult. The differences in density were
attributed to different degrees of orientation. However, it was
not clear what was meant by degrees of orientation nor how this
was possible.

Turning now to the isothermals of figure 8, it is at
first apparent that a region where [%?V}‘r:a exists above the
critical temperature. In this region the system behaves as a
two phase system; furthermore, it corresponds to the temperature
range where a density heterogeneity persists above the critical
temperature on the heating curve of an isochore. This, therefore,
agrees with the conclusion that the densiiy persisftence is due
to the presence of a liquid structure. To call such a region a
phase is not in,accord:with the general definition of a phase,
which demands the existence of a surface, without stretching the
meaning of the word "surface" from that of a region of molecular
dimensions to one of appreciable width. However, for the lack
of another word, we will still refer to it as the liquid "Phase”.

In expanding the system, the volume values were directly
reached. In compressioh, from gaseous to liquid, a time lag was
found, however. The flat portion of the isothermal was the
ultimate equilibrium value. This lag may be partly due %o the
heating effect of compression, but it is thought also to be due
to the slow building up of structure. It is therefore further
evidence for the orientation hypothesis of liquids. Since the

flat portion of the isothermals are equilibrium curves from
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either direction, it follows that a homogeneous system which has
been formed by the expansion and compression of a heterogeneous
gystem, is just as much a two phase system as when the density
difference is present. The only reasonable conclusion is that
the "liquid phase™ is uniformly disversed in the homogeneous
system and not detectable by means of the spiral and float.
Therefore, within the shaded region above the critical temperature,
a two "phase" system exists, either homogeneous and dispersed, or
heterogeneous with the liquid "phase™ concentrated in the lower
region. This is not unreasonable when we consider that the
"shase™ has no surface. This fact, together with its dymamic
nature and only slight density difference from the surrounding
vapour, makes its tendency to settle wery slight. At the same
time, if it is formed by heating the liquid at constant volume,
and is concentrated in the bottom of the bomb, its tendency to
disperse would also be very slight.

Evidence from the pressure measurements at constant
volume lead to similar conclusions. It is evident that the
pressure of the heating and4cooling curves are both alike, and
both correspond to the flat region of the isothermal at»the same
temperature. Hence we must conclude that the heating and cooling
curves of a density isochore have the same Gibbs' free energy and
are equally stable. Furthermore they both represent equilibrium
systems since the 1t regions of the isothermals have been shown

to be equilibrium systems. The only conclusion is that the cooling
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curve_is not of a wvapour system but of a two "phase” system,

with the liquid "phase"™ dispersed. It is true that thermo-
dynamically both the dismersed and stratified systems are equally
stable, yet one would expect, due to the gravitational gradient
that a density difference would be set up over a very long peridd
of time in the homogeneous systen.

If the surface tension did not disappear before the
phase densities became equal, the system would behave in the
classical manner. The critical constants would be given by the
upper limit of the region wherein %t",];o (i.e. 50.50 atm.,
9.9000, and 4.40 c.c.). However, sinece the surface tension
disappears at 9.5000, an anomalous region exists where the
"phases” can be separated or dispersed, depending on the history
of the system.

It is interesting to note that the critical temperature
has been variously defined as the temperature of disappearance
of the meniscus, the temperature of equal phase densities, the
temperature of the isothermal which exhibits the point of inflec-
tiom, etc. For historic reasons we still mean by the critical
temperature that of surface disappearance, although the inflection
point might be the more logical.

The envelope of the region wherein [%%f T= 0 should
give the true phase densities. It remains therefore to explain
how liquids of different density can exist at_fhe same temperature,

depending on whether we are on a heating or coocling curve or on
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the overall mass - volume ratios of the systems. This is admitt-
edly difficult. However, if we allow the possibility of the
vapour being dispersed or dissolved in the liquid phase an explan-
ation can be offered. When we measure the density of a liqﬁid
condensing on the cooling curve of an isochore, we afe not
measuring the true phase density but that of a liquid containing
dissolved wvapour. éﬁ»the,same time the vapour in equilibrium
contains dispersed liquid. At lower temperatures such solution
becomes very slight and the density depends only on the temper-
ature.

The boundary of the shaded region above the critiecal
temperature gives the densities of the liquid "phase"™ and of the
vapour in equilibrium with it. Expansion of this system, that
is, moving fram;left to right across a flat isochore, decreases
the amount but not the degree'of heterogeneity. In other words,
the number of oriented regions is decreased but the forces holding
the molecules together in any one region remain the sgme. To
look at at in another way, because of the increased average dis-
tance between the molecules, the chance of building up a region
of structure is reduced, thus shifting the equilibrium towards the
gaseous state. On the other hand, heating decreases the degree
and amount of heterogeneity. The forces destroying structure
are increased causing a less closely packed formation. AL the
same time, the increased number of molecules of greater velocity

causes a greater proportion to exist as true vapour, i.e., the
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vapour pressure of the "phase" increases. For this reason,
different values ofkdensity can exist ét the same temperature
in systems of different mass-volume ratios. Remembering that
the tendency for the "phases" to separate is very slight, and
that the densitﬁ'measured is the macroscopic density, this ex-
plains the existence of "liquids™ of wvarious densities above
the eritical temperature. Extension of this idea to systems
slightly below the critical temperature, would permit the
existence of true liquids, bounded by a surface, of different
densities to exist at the same temperature. However this is
difficult to visualise and far from satisfactory. The point is
worthy of further investigation.

The experiments on compression can now be easily
explained. Their main significance lies in ﬁhe faet that since
a system of stable density heterogeneity can be established
without cooling, the phenomenon of density persistence can no
longer- be attfibuted to a superheating effect. Here agsin we
£ind evidence in favour of the dispersion hypothesis. Ordinary
mechanical compression of a system represented by a point on
the cooling curve of a density isochore above the critieal temper-
ature, would result in the increase of the amount of heﬁerogeneity.
However this wouldrnot be detectable by a spiral and float.
Compression brought about by heating the top of the bomb destroys
the structure in tﬁe upper region while increasing it in the

lower. Slow removal of the temperature gradient leaves the lower
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region with a higher density which is detectable. The amount
of structure is the same as before compression but it is now no
lqnger dispersed.

As the temperature is lowered below 9.50°C, conditions
suitable to the spontaneous stratification of liquid are more
nearly approached. At 9.2000, conditions are such that com-
pression can cause a large enough number of liquid molecules to
group themselves together for setiling out to be possible, and
condensation occurs.

In compressing the two phase system, the density and
amount of the liquid is changed. The change is assumed to be
caused in the following manner. The dispersion of vapour in
liquid, which has been brought about by heating and then cooling,
is altered on compression. The compression largely changes the
vapour groups in the liquid to liquid groups. In addition,
liquid that is still dispersed in the vapour drains out, and
both the density and the amount of the liquid is increased.

loreover, the lower density of the liquid phase af
9.0000, on the heating ecurve of the system of mean density
0.1994 gms./c.c., compared to the constancy of liquid density
at this temperature for systems of higher average density, is
explained by the greater amount of vapour in the liquid phase.
Compression of the reformed liquid at this low average density
at 9.00° on curve B causes an increase»in.density above that

of the original heating curve, but never in excess of the density
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of 0.245 gms./c.c., waich is characteristic for fillings of
higher mean density. This can be explained on the assumption
-that, at the lower mean density under discussion, the mechan-
ism of compression does not permit as great an artificial
density to be developed, and some of the wapour is left un-
changed in the liguid, with a consequent lower licuid density
even after compression.

Although a mechanism for the behaviour of pure
ethylene, when compressed as described above, has been offered,
it does not seem feasible in the present state of our knowledge
of multi-component systems to extend the same explanation to
an air-ethylene mixture. The real interest in the study of
such systems has been with respect to the hypotheses of earlier
workers who have attermpbted to explain the anomalous behaviour
in the critieal region by the presence of minute quantities of
impurities.

It has already been pointed out that small quanﬁities
of air contained in an ethylene sémple increased the amount of
heterogeneity and the temperature range above the classical
critical temperature throughout which the liquid "“phase" may
persist. In the present study it is apparent that the presence
of air now retards the establishment of a heterogeneous system
from a homogeneous one, and impurities of sueh a nature would
therefore tend to obscure the phenomena caused by compression.

The reason for this behaviour cannot be discussed upon ény
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firm basis until the effect of the impurity upon the interfacial
tension has been established.

Briefly reviewing the conclusions, a liquid below the
critical temperature consists of a dynamically oriented system
of molecules bounded by a true surface; the vapour is in the
form of a perfectly random distribution. On heating the systen,
the forces tending to destroy the structure in the liquid
become greater, and the vapour density.increases. A point is
eventﬁally reached where the surface can no longer exist due
to the decrease of cohesive force. However at this temperature
structure is still present, and in a stationary system is con-
centrated in the lower region. Al any one temperature this
structure may be more or less mixed with true gas, depending on
the volume. At higher temperatures all structure is destroyed
and we have a true gas. ;On subsequent cooling, structure re-~
forms but is uniformly distributed and not detectable by density
measurements. Since there is no surface tension no phase can
be formed. However, on further cooling, a surface forms and a
liquid phase appears. The vapour still contazins some orientation
while in the liquid there may be some vapour, giving a~different
density than before. On further cooling the original conditions
are reached.

Much is yet unexplained, particularly with regard to
the nature of the differemt types of liquid and the effeets of
small amounts of air. However, the above hypothesis should be
useful as a guide to further investigation of the physical pro-

perties of critical systems.
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APPENDIX

In continuation of the work described above, it was
considered important to observe and measure the critiecal phen-
omena with a system whose molecules had an appreciable polar
moment. Hitherto, compounds with zero or little moment had
been used. It was felt that, if, as is believed, orientation
plays an important part in the persistence of liquid structure
throughout the critical region, a system of polar molecules
should show some differences. With this in view, an investi-
gation of methyl fluoride has been commenced. The work was
carried out in collaboration with Mr. A. C. Topp.

Ilethyl fluoride was prepared by two methods. Potassium
methyl sulphate reaects with potassium fluoride to give potassium
‘sulphate and methyl fluoride (61). Potassium fluoride, C.P., was
made anhydrous by heating. This was mixed with dry potassium
methyl sulphate in the ratio of the molecular weights. The
ﬁdxture was ground for several hours in & ball mill. On heating
in a generator from 160° to 20008, methyl fluoride was given off.
The product was contaminated with,methyl ether which was removed
by bubbling the gas through a tower of concentrated sulphuric
acid. It was then passed through a solution of potassium hydro-
xide, and two drying tubes containing soda lime. The gas was
collected in a trap cooled with liquid air. This method gave a

small yield and was only used for two preparations.
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A more satisfactory method was by the reaction of
dimethyl sulphate and potassium fluoride in a water solution.
This is adapted from an established method of preparing methyl
iodide (62). The apparatus used consisted of a two litre, three
necked flask equipped with a dropping funnel, thermometer, and
reflux condenser. The flask was heated on a water bath. The
condenser was connected so that the gas passed through two wash
bottles containing concentrated sulphurie acid and a solution of
potassium hydroxide. It then passed through two drying tubes
containing calcium chloride and soda lime, a trap cooled to
-2000, and was finally collected in a trap cooled with liquid
air. The trzin was éonnected to a Hy-Vac and equipped with a
manometer-

A mixture of 282 gms. of hydrous potassium fluoride,
36 gms. of calcium carbonate, and 75 c.c. of water was placed
in the flask. The system was evacuated. After warming to
65-70°C dimethyl sulphate was added from the dropping funnel
at such a rate that the gas was produced smoothly. 283 ec.c.
of dimethyl sulphafe was used. The figures are for a typieal
run. The amount of water was waried, better results being
found with less water.

The gas produced by this method was contaminated with
carbon dioxide, which was, however, easily removed by the
potassium hydroxide. The yields varied from 207 to 25%.

The methyl fluoride was purified by distillation in
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a Podbielnisk column (54). The constant boiling fraction was
considered pure, the boiling point was -7890 at 750 m.m. pressure.

In a preliminary determination of the density where
the critical phernomenon occurs with methyl fluoride, a series
of small bombs were used. The bombs were made of Pyrex glass
of 1 c.m. inside diameter and 3 m.m. wall thickness.

These bombs were filled to various densities by con-
densing a measured quantity of methyl fluoride into the evacuated
bomb. On heating to the critical temperature of methyl fluoride
(44.80C), it was observed whether the meniscus dried up on the
bottom or disappeared in the middle of the bomb.

The data obtained are listed below:

Bomb No. Density Observation
1 .22 gms./c.c. No critical phenomena
2 .28 " Meniscus disappears low
in bomb
3 .31 " Meniscus disappears in

middle of bomb

The lower limit of the critical phenomena is a density
somewhere near .28 gms./c.c., the upper limit is undetermined
but is at least above .33 gms./c.c. This is in agreement with
the results reported by Patterson and Carwood (63).

The apparatus used to study the density changes consisted
of a Pyrex glass bomb 50 c.m. lcng; 1 e.m. inside diameter, and
% m.m. wall thickness. The bomb contained a McBain-Bakr spiral

and float and was of the type formerly used in this laboratory



~106-

for density measurements.

Four of such bombs were used all of which exploded
before any measurements could be made. This is attributed to
the high critical pressure of methyl fluoride, 60 - 61 atmos.,
that is 11 to 12 atmos. higher than that of ethylense.

A new type of bomb has been constructed but not yet
tested. This consists of a heavy Pyrex tube, 20 c.m. long,
1.4 c.m. inside diameter, and 1.5 c.m. wall thickness. The
ends of the tube are ground square and capped with two lead
disks. The tube is bolted between two steel plates. By
tightening these two plates together a gas tight seal should
be made between the lead gaskets and the ground surface of fhe
glass. The bomb will be filled through a narrow brass tube
which is soldered to the upper lead gasket, and which passes
through a small hole in the upper steel pléte. This tube can
be soldered tight.

This work is incomplete and has been suspended to
permit the investigation of problems arising with the present

war-
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CLATIS TO ORIGINAL WORK AND CONTRIBUTIONS TO KNOWLEDGE

Two new types of apparatus for the investigation of
critical phenomena were developed.

The first was based on the prineiple of design due to
Maass and Geddes. DPressures were measured by balancing the system
against a two nhase system of carbon dioxide at a known temperature.
An accurate method of measuring the volume of the system and the
mercury height, by means of a cathetometer was employed. An im-
proved means of thermostating was developed by the use of g
manually controlled water flow. An electromagnetic stirrer made
possible the mechanical stirring of the system under investigation.

The second apparatus made possible the investigation of
the effect of compression on the system. A water jacket was used
to produce a temperature gradient along the bomb. Densities were
measured in the usual manner, by means of a McBain-Bakr balance.

The following are the contributions to the knowledge of
the critical state which have been made:

(1) Thermal compression, in the critical region, of a
homogeneous system, both of pure eﬁhyléne, and of an air-ethylene
mixture, re-creates a stable density heterogeneity.

(2) The pressure volume isothermals throughout the eritical
region.

(3) The true form of the density temperature curve throughout

the critical region.



(4) The establishment of the region above the critical

temperature where heterogeneous systems are stable, and wherein
[%pV]T-:O

(5) The ™true™ critical constants for ethylene as deter-
mined by the pressure-volume-temperature relations.

(6) The vapour pressures for both the homogeneous and
heterogeneous systems throughout the eritical region, indicating
their relative stability.

(7) Mechanical stirring has no effect on the pressure-volume
relations of a heterogeneous system at constant temperature.

(8) Further evidence of molecular orientation from the
pressure-volume time lags.

(9) The probable cause of the density hysteresis is disclosed

from the new knowledge listed above.
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SULMMARY

of the Thesis

PRESSURE, VOLUME, TELPERATURE, AND DEISITY RELATIONS
OF THE SYSTH. ETHYLENE IN THE CRITICAL REGION
by

J. R. DACEY.

The effect of thermal compression on the system ethylene
in the critical region is reported. Such compression on the homo-
geneous system above the critical temperature produces a stable
heterogeneity. Below the critical temperature and above the
temperature of reappearance of the meniscus, a similar effect is
produced; however, 0.3°C above the normal temperature of meniscus
reappearance the liquid phase can be caused to condense. The
liquid so formed is stable. Below the temperature of condensation,
compression increases the liquid phase both in density and amount.
Similar effects have been found with an air-ethylene mixture.

The pressure - volume isothermals of the system ethylene
have been accurately determined between 8.90 and 10.00°%. &
region above the classical critical temperature wherein [%%] =0
has been discovered. Mechanieal stirring of the heterogeneousT
system has no effect on the pressure-volume relations. The identity
of the pressures of the homogeneous and heterogeneous systems has

been established, from which it follows that both the system of
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heterogeneous density, formed on heating, and that of homogeneous
density, formed on cooling, are equally stable. The heat of
vapourization has been caleculated from these data and is found
not to equal zero at the classical critical temperature. long
time lags recuired for the establishment of equilibrium on com-
pressing the gaseous system above the critical temperature have
been found, and are interpreted as indicating a structure formation.
An hypothesis for the liguid wvapour transfer in the
critical region is presented. In the border region between ligquid
and gas a variety of systems of different phase densities are
equally stable. Applying the concept of regional orientation,
the amount of structure in any given system is a function of the
temperature and volume. This structure may be concentrated in
the lower region of the systen or may be uniformly dispersed.
If conditions are constant, tendency to change a dispersed to a

stratified system, or vice versa, is extremely sliznt.
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