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INTRODUCTION

One of the most inverestiung provlews of the'physical

sclences has wveen the investipatiocu of th® chunges. of form

. .

and properties which occur awhen matﬁer,passka from one state
of aggregation to another. Of theée transitibd%, not ﬁhe lea st
e N

fascinating is that frow liguid to0 gese.. 'For;well’QVef“a

hundred years, the nature and mechanism of the chdnges which .a

- ’
|

liquid undergoes as its temperature is reised, nave veecu the

L 3
subject of much expsrimentation

ana coutemplation. " Evewn now

the problem 1s still a counsroversial oune, Theré are two
distinct sSchvols of thought, doth prﬁsentiug gooda evi&?nge 5ﬁ
support of their opinions as to the nature of tue changes,
It is hoped that this cuosis will be of vealue i. showiug theat
the verious opiuions which Lave beu. prescuted are uot
mutually exclusive, and tiat a comwviunation oI the ideas,
champion;d 80 strougly vy both siaesg, leads t0o a reasounanls
explanation of tie guautitative weasuremeants which have been
wade in this particular transibiou caipe upou ethyle.e.

Taec Iirst recordsd ovservaticas of the cluauge frow
liquid to gaseous states@ware those of Cuagniard de la Tour in

1822 (1).” He found that when a pure liuwuia, in eguilibrium

with 1ts vapour, is heated in a closed tube, the visivle line //7

0f demarcation betwesn the liguid and va901€YETsag:eared'at Cﬁ;

some definite temperature. This tewperature has veen called



the ér¥fical temperature, or the temp srature éfﬁdagiiard-

la Tour. Shortly aft'erwards, the classical experiments of
Andrews (2), in which the pressure-volume fglations of carbon
dioxide were determined for various temperatures, revealed
that the isothermal just oelow the critical temperature was
contiguous to. that just avove the critical temperature. This
fact was interpréeted by Andrews to indicate a continuity of
state at the Critical tvemperature. A liguid and & gas were
considered by him to be widely separated forms of the same
condition of matter. To aad to the strength ol this theory,
the famous eduation of state due to Van der Waals (3), veas
found to give feir quantitative agreewent Ior liyuids as well
a8 gases, The simplicity of uis theory, and the wide utility
ol his e4uatlion in predictions of thw wvelaviour or ligquid
systems, led to the widespread acceptance of the theory of
continuity of state.

Almost iwwediately, however, experimentdl evidence
began to be accuiulated which pointed to the possibility of
more ‘complex changes taking place than the theories of
Andrews and Van der Waals would indicate. For ianstance, on
the disappearance of tiie meniscus at the coritvical temperature,
it was thought that the properties 0L DOTL phases, sucn as
density, etc., had become identical, and that & homogeneous
gas system had besn createsd. If this were so, the critical
phenomena should occur only for one specific density, and not

as it is fouund to do, over a range ol densitvies., Ramsay (4)
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and Jaﬁin (b) were first to postulate that the liquid state
exists above the erifical temperatﬁre, as an explanation'for
the density range over which the critical phenomena were .
observable. , 'é%ok”oj

Their density measurements were made by calculgtiﬁgs
basad”npon:tga meniscus position, a method which.ham'hﬁch to
be desired. ’ihey concluded, however, that the densities of
liquid and vapor became equal at the critical temperature, and
the phases became mutually miscible in all proportions. Ramsay,
for example, went so far as to suggest that liquid and gaseous
molecules differed in their number of atomic constituents, and
that even above the critical temperature matter might be wholly
liquid at high density, or wholly vapor at low density, or a
mixture of both at intermediate densities. The system was con-
sidered to be physically homogeneous and.chemically hetero -
geneous., Cailletet (6) obtained results in agreement with those
of Ramsay and Jamin, and defined the critical temperature as that
at which the liquid and vapor become miscible in all proportions.
Young (7) concluded from his density measurementa that the
liquid and vapor had identical densities at the critical
temperature, and that }n & qualitative way, the evidence favour-
ed the theory of contiﬁuity of state.

With more accurate density determinations in the
eritical region, & distinot modification of this concept was

introduced. Galitzine (8) found that in the case of methyl

ether & density difference as great as twenty percent exists




dndefinitely above anu velow the position where the meuiscus
disap;ears,'qt & temperature just avove the céitical. Eviuence
of & hetsrogeneous system was reported by him until a
temperature approximately 7°C avovs the critigal tempereature
had been reached., These results were at variance, of édurse,
~;ith the-tﬂeory of cowplete miscibility, and wsre attributed

by him éd the presence of air iu iis samples. Young (9)
repeated the experiments of Galitzine with very carefully
purified:material,ana could wut reprouucc the desusity

~

heterogeusity- He cherafor? concurrea with Galitzive in i. .-
attrivuting the result vo impurities. Guoy (10)- moreover,
haa offerea as an explanatiown Qf & asusitvy discontigpity'thé
gravitational effect oi tue weight of the wsdium itself in
esvablishing « densitv, gradieunit throughout the s;yateu. —The
calculated magnitude ¢f such an iurluence tell, however, far
below the values which had veen observed expsrimeunitally. The
presence of an inert ges in tus vaper plhase, eveu in smaell
concentration, could conceivavly wmwagnify this effect to the
proper prorortion, aud imwuediately strong sup.ort for the
theory of causation u, iwgurities was voiced. The workers in
the field then becams yrotagonists of two differeunt theories,
Thoss who believed in the reality of deunsity discowtinuities
devoted themselves to the developmeat of sxperimcuts to
support the theory of a persistence of the liuuid state above

the Cagniard-la Tour temperature. Their opponeunts claimed

to wisprove such experimeunits by showing the existence of



‘temperature gradients, or impurities, or other errors in the

experimentalhﬁérforménce. Strange to say, sowe of these

critics, having concluded that the thsory or liguid persistencse

was invelid for one reason or another, co.utinued themselves t0
study thLe 0péles¢enc; ﬁhibh is exhivited in this region, and
-ffom these studies rcach the couclusion that "non molecular
aggfegates“ continue to exist above the critical tempsrature,
Fog!p;ample, Tra;ers and Usher (11) conclude that siuce the
criticai’temperature is not dependent upon the mass volume
ratio that any theory of an equilibrium between gas end liguid
molecules, which should be dependent upon tempsraturse, is
vitiated. After studying the opalescence they conc}ude that
"non molecular aggregates“ persist abovs ihe criti&él

temperature, by grace of a positive surface tension which is

possipie for droplets of very small radii, as suggested by

-~

Donnan (l2). The localization of opale¥29nce they find related

-
/

TGN _ e
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to the mass volume ratio, due t9 tiie motion oL thé meniscus.
\‘,

Thigvconcept has been used to explain the relation of phase
density to mass volume ravio as descrived iu the wvody of this
thesis,

Since the discussion of opalescence peruwsates all
work ou the critical region, a description of tiie type of
Qpalesqeuce~and the theories ecdvanced to explain it is
essential. The existeice of s;ystems which are capavle of

scattering light is well established in the critvical region,

————

e
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The opalescence which occurs is limited @ owu zﬂ ising %7/(/»'« ’

the system to the critical tewperature. It is greatest in

iy

intensity in the disappearing phase. If tue system is kept at
this temperature long enough, or is viblently stirred, this
qpalescence'gradually occhies the whole volume iwn whiéh the
éubstanCe is confined. On heating well avove the critical

temperature the opalescencs gradually disap;ears, but

reappears ageain o cooling, becoming very iuteuse just vefore

>~

condensation. The theori%s develoyed to explaiu it are two-
fold. The oue, develoyed.oJ Smoluchowskif(lj) from the
Eiﬁétein-theory of deusity fluctuatious, ana that os-Kuster
(14) which is essentiall, ths same, attriouce the efrsects %o
local couCecuatravions and rarefacitiocons of density wae to tiae

[v
alatrioutio“b of energy awougst tvtie molecules. Tae other,)f.duf

suprorced b, Altschul (15), Donneir a.u Travers and;gsuer, {?fp
. . T ¢,
Schroer (16) aua Cardoso (17), regards the opalsscence as due ﬁ&aﬁ"
-

to liguid groups floati.g in the vapor, According to ¥. B,
Young, the slow decrease iu i.teusity of tic oyaiesoeuce with
rise of temperature favors the Kuster theor;, unlsess the
density temperature curve is peak:d iu form, rather than
parabolic as geuerally:acceyted. As we shall ses, the density
temperature curve is actually peaked, at least for ethydlens,
and the theory of Travers w.d Usier et al wust ve suy orted

by the author. This wihole yuestion of opalescence has veeu
investigated by .iason (1l8) aud furtuer supyort for tua

opalescence as due to liyuid groups has veen ovtained.
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Returning to tue work of those who directed their
efforts toward the establishuwent or the reality or the d;nsity
digcontinuity, we fiud a new techuigue developed by Truuve (135)
and Teiéhnsr (éb); and hein (21) who deterwined deusivies by
the use of swmall glusévfloats; These measurements wer; more
;ccurate thanrany previously made, and in good agreemsut with
those of Galitzine, As & result oi iis wmeasurements, Traube
becawe the cuief proponent of & differeuce i. Character
betweecu iiquid and gas., Trus liguid molecules werse termed
"liguidons" by him, and true sas wmolecules "gasous". These
were assumed to exist in euyuiliorium with oue anothsr, and
the ratio to be fixed by the temperature. This co..cept was
extended by de Heen (22) to include the influeénce of specific-
volume uion the conceutration, Thié view has received much
supéort frowm the studies of x-ray difrraction by Stewart (23)
andrhis co-vworkers Loll (24) and Spengler (25). Onues (26)
azain, however, could not duplicatvte de Heen's results, and
attributed them to temperature gradienis aud to ths
gravitational efiect as outlined oy Guoy.

Furtuer evidsuce for the existewnce of liguid awvove
the critical temperature was fouud iu soluvility measureuments.
The first of tiese experiments was daue to Hannay ana Loguarth
(27) on the potassium iodide - alcoiol systvem. They found
that the aissolved potassium lodide was precipitated if the

liguid was allowed to evaporate, velow ths criticul

t emp erwture, out that when the liyuid was neated slightly avove
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xhgﬁcriﬁical temperature, the solute was not precipitated.
Thgé”was not ihterprg%ed‘as painting to a liqﬁid persistence,
'howe#ér?'"The exp lanation w;; that gaseous alcohol under
such conditions had the power of solutlon. And this in face
of the fact according to Bradley, Browne and Hale (28), that
intense.local heating caused precipitation in such regions as
l%ere subjected toﬁit;_ | |

: Gailletet and Hautefeullle (29) inveatlgated the
carbon dioxide - iodine system, and found it to yield the
same sort of results as. Hannay'and Hogarth had discovered for

S

the alcohol system. Contradictory evidence was also found by
Cﬁilletet and his co-worker Gollardg&u (}O), who found blue*oil
of‘galbanum was precipitated from carbon dioxide at the
critic¢l temperature. More supyorting evidence wes put for-
ward by Plctet (31) from his study of bornesl and alizarin in
alcohol so}utipns. Both tiese suostuances were insoluble in
gaseous alééhol end soluvle iu ligyuid alcokol, but were not
precipitated when the liguid was(ﬁeated aebove the critical .
ﬁ;;jerature. He predicted that such precipitation would
occur if tba temperature yere raised high énough, a;ﬁhough
ﬁhis prediétion wa s not;subjected to experimental verification.
| Much other solubili@y date of a similar nature hga Lmﬂ-

-‘ .. dale
been obtained, some of it in connection with salts §n water,

/VLQW~J&—
that by Bertrand and Lecarme (32) with potassium

tfs,;

chromate. An extrapolation of the temperature coefficient

of the solubility of sodium caroonate in’water to the
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éfffiéaiffegion frou a few degrees Selow it by Waldeck, Lyun
andeiIl (33) auyyorts the OyyOdlte 0p1n10u of a discontinuity
of soluoi}i;y auizhé crlulbai uemyerature. Thi's wofijﬁﬁst
carry;igii;wéfghfbe%aﬁse of tho éfgféiolation %oia'reéion'

~

where small temperature changes cause large changes in

£

bepeffges.
St11l other properties were investigated in the
eritical rogion, such.as conductivity. Evereheim's (34)

9
measurements of ammonia solutions 1nd1c“ted & per31steuce of
e e -__m N M L. R 1 o e B J. - . Y '\-.‘. . -l
liquid. Fraskli aud Kraus (35) found distinct evide.ce of
I : ) ) is = e = Cwde,
con&uctiv1ty 6.5°C avove the critical temperature. -

Very strong sukkorb of tuis 1uSlSt8u06 on‘the

ger31stence of liiﬁid Wa s :rov1ded oy Callendar (36) in 1928

.ﬁ‘

T A B e TRy
Ha Iouna that ou hedtluc water in statlonary guartz bubes,

~
&
Y

layers oif dlfiereat aeu31ty were observueuls as hlgu as 6°C

- a — N

e . e :
aoove the crivical temueruuuze of 374°C He also measured

: o N -3 PO B
tune saturatlou curve uhrough thls reglou and fonid the result

EECAR

qu&h#itutivél§~corr6borataddb§;laﬁént?heat:measuremeuts. “The
lateut héat did not oecowe zero umeil 380 5oC Ad}ébvér;:the
results were obtaiued w1th very carefully'purlfled materlals,
an&.contrary to y;evioﬁé invesﬁigatoré, iﬁ was s&id bf -

Calleudaggthat suci whenomensa had not been yreviously

< Q K ‘{t V éi\k ’vvi-i)"vkt.( { - P t»
ouserved because of' impur oles, rntuer thau thut they are

-

caused by impurltles.
i .
The whole suoject was reoPened by the aiscovery of

Sutherland and ileass (37) that the reaction velocity of the



hy%rogeﬁ chloride-propylene system dropped to Zero above the
critical temperature,’ in spite of the fact that the
concentrat ions of the reactants were as great or greater than
the concentrations in the liquid state. This startling result

has led to the thq:oﬁgh investigation of many properties of

—

_,f"*" : j{ ?
AL, G ialantts 2

/ &8 ethylene, ethane, methyl ether anﬁghatin.

Thé-proyérties investigated in these laboratories have been
the density, dié;ectnic constant, surface tan;ion, specific
heat, adsorption and so on. A brief survey of the methods
and results obtained will serve to introduce the sudbject
matter of this thesis in a clearer manner. The denaity
measurements made by Tapp and Maass (38) were obtained by the
use of a McBain-Bakr (39) spiral and agcmall.glals float. This
methad gave a very great sensitivity in measurement, and
proved conclusively that discontinuities of density do exist
above the critical temperature. The spiral and float
arrangement could be moved to. various heights in the tube, and
the discontinuity was thus shown to be & sharp one, and not a
density gradient as the explanation of Guoy and later RBuedy

(40) would regquire. By the same means mechanical stirring could

SRR oot

be effected, and it waq(EiE;;;"fg be ineffectual in destroyibg

the density difference. In the light of the present knowledge
of the subject it appears that the mechanical stirring was not
continued for long enough periods, oi%;;:afgt sufficiently

, Aeio
violent. As will be apparent later, such stirring should

c¢ause & condition of uniform density. This criticism does



not, however, invalidate the conclusion reached by these
eauthors, that the liquid state does pereist above the critical
temperature. |

Winkler and Maass (41) measured the surface tension
-?f'propylene ﬁnd-methil Ether. The resultes indicated that
the surface tension, but not the surface energy, became equal
to sero at the critical temperature. According to Porter (42)
this condition may be realised when the ratio of the molecumlar
diameters of the species is equal to the ratio of the
densities.

Marsden and Maass (43) found that the diechtric
constant of a liquid and its vapor do not become identical
&t the coritical temperature, but become equivalent at some
higher temperature. They thus confirmed a similar discovery
of Verain and Eversheim (Ll4) by a more accurate method.

Morris and Maass (45) and Edwarde and Maass (L46)
studied the adsorption of propylene and dimethyl ether upon
alumina, They found no discontinuity in adsorption on

passing from vapor to gas, but found a marked discontinuity

7

in paseing from liquid to gas. a

Broughton, Pall and Maass (47) have observedé@?ff
hysteresis in the specific heat curve when the specific heat
is determined as the substance in a heterogeneous state 1is
heated to temperatures above the critical temperature, and
when the specific heat is determined on heating the

homogeneous system through the same temperature range. The
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lpgcifia'heat was thus seen to be dependent upon the thermal
history of the substahce.

Holder and Maass (48) have repeated and extended the
work of Sutherland and Maass, and Marsden and Maass, upon the
reactivity of the hydrogen chloride-propylene system. The
refined»oxperim;nt&; method has shown that the "critical
concentration® or critical density has a larger effect upon
the reactivity, which is believed related to the persistence
of the liquid structure, than has temperature. This observation
fite in well with the measurements of Stewart, Noll and
Spangler, which have already been mentioned, and the:thaory of
VWarren and Gingrich (49).. The importance of specific volume is
again brought out in their work, the influence of pressure and
temperature being of secondary importance with regard to liquid
existence.

Magon (18) has investigated the viscosity of
ethylene in this region by a very sensitive oscillating dise
method., He has confirmed the very excellent work of Clark
(50) in showing an hysteresis in viscosity on heating and
cooling. He has extended it to show the probable temperature
of disappearance of the liquid phase for critical fillings
a8 indicated by the minimum of the viscosity temperature
curve. The agreement with the new critical temperature as
determined from the isothermals presented in this thesis is
good.

The work of Geddes and Maass (51) has been of very
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.ggpaﬁﬁmportance in the study of the critical region. These
anfhors made a very ﬁhorough and excellent study of the
density, pressure and temperature relations of ethylene
throughout the oritical range. Of paramount interest in this
work was the invesé;éatibn of the time lags involved in the
establishment of egpilibrinm densities when the system.was
lubjeefed to changing condit;pns of pressure, temperature
qnd joiume. The results show an extended tiﬁe lag in passing
from vapor to liquid densities which have been interpreted
as indicative of molecular orientation.

| [n fact) the mass of date which has been aécnmnlated
in these laboratories hagﬂall.been successfully explained
uppg}this bas%a, That is, & structure has been assigngd to
the liguid stat; of aggregation. This structure has been
conceived as a dynamic regional orientation, the extent or
degree of orientation being dependent upon the temperature
and density. This conception, due to Dr., O. Maass, is not
vastly different from that of Stewart who speaks in terms of
ecybotactic groups, and Traube who speaks in terms of liquidons
and gasons.

The mathematical treatment of such ideas has not
been left neglected. Thus Mayer and Harrison (52) predicted
from statistical mechanical treatments of condensing systems
a behaviour remarkably similar to that observed by Maass.

One prediction that had not previously been observed

experimentally was the existence of a region above the critical
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teqper;;nre wherein 2;%) = 0. More rigorous and simpler
treatments of condenéihgm-nystems by Born and Fuchs (53) and
Frenkel (54) respectively, have corroborated these
mathematical.calcnlagipns. Experimental verification of the
previously unconfirm:ii‘prediction with reggrd to@%) is
presented in this thesis. From these pressure vo.‘l.mno'T
temperature relaiions, and from preosureﬁzenperatnre relations,
& new conceﬁiion of the liquid gas transformation has been
forced upon the author. The transition picture now includes
the influence of specific volume, temperature, and pressure,
and explsins quite plausibly the possibility of emulsified
systems suggested by Donnan, Travers, Gstgild (55) and
others. The experiments which led to this concept, which is

again a “"continuity of state® theory, are presented in the

following sections.
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-EXPERIMENTAL

Three types o£~é§paratus were used in the inves-
tigations described below. The first was copied exactly from
the design develoPGd by Geddes and Maass L57) It congisted
in its easentlals of two pyre; glass bombs, abqut‘35 cm. in
length, aupported upon brass rods, and jozned at the bottoms by

I s o

pyrex capillary tubing, bent to for%Ma u-#ube. Thexduggnslqna
of the bombs were approximately ll m . inside diameter, with
walls of 3 mm. thlckneas. The capillary tub;ng had an 1nside
diameter df apbut&3 mm. -and an external diemeter of approx-
imately 8 mm. -

The left-hand bomb contained a small nail enclosed
in a glass sheath, and a small electro-magnet, which cquld be.

w -

raised and,lowered along ﬁhe length of the bomb, was g:ranged
outside‘thé“tube‘in order t& stir the contents. |

The righte-hand bomb contained a McBain-Bakr Bala_qce
and float for the déﬁermination of the denslities. The quartsz
spirals had normal lengths varying from 3 cm. to 4 cm. and
seﬁslﬁivities ranglng f%om .003igmlém. to .0045 gm/mm. The
floafs were made of pyrex glass, with diameters of about .5 cm ,
and volumes ranging between 7 cc. and .9 cc , while their

weights varied between .3 gm. and .4 gm. HRelative densities

were determined by measuring the elongation of the spiral by



means of-a cathetometer to + .05 mm. and could therefore be
reproduced to within + .1%. The densities were calculated

from the egquation

i= ¥ - (E - N)S
v

where 4 is the density in gm/cc.
W is the weight of the float in gm.
E is the extended length of the spiral in mm.
N is the;normal length of the spiral in mm., that is,
the length when hanging under its own welght in air.
S is the sensitivity of the spiral in gm /um.
V is the volume of the float in cc. + 12 volumeé of
gapiral.
A plot of spiral length against density gave a quick and
convenient method of evaluating the densities.

Absolute values of ype density were dependent upon
the determinatieon—ef the voluﬁe of the float, which was égéﬁizimxd
oud by means of & picnometer. The values of the volume were
‘found to be reproducible to three parts in eight: hundred.

The spiral was suspended in the bomb from & glass
collar, which rested upon a constriction blown in the glass wall
of the tube. In order to remove & possible cause of explosions,
this arrangement was later altered to that of a carefully bound
steel spring, which pushed strongly against the glass walls,

Bnd wae prevented from ecratching the surfaces by a cotton

coveriag. A cotton wound glass ring was inserted in the lower
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Part of "the tube in order to support the float and ‘relieve
the strain upon the spiral when the tube was empty. When
these parts of the apparatus had been placed in position, the
top of the tube was drawn down and .joined to a capillary lead,
which in turn was aegied to the purification train and filling
gsystem. The left-hand bomb was drawn down and joined b;'the
filling system in the same way. The methods used for filling
the bombd as;embly with mercury and the gases employed in the
1nveatigationsfwere common also o the second form of
aéparatua, andﬁafa deacrf%éa fully;b§IJW-A A scale was attached
to the side of the right-hand bomb, ﬂy‘which the difference in
mercury level'between the two bombs ﬁas eovaluated, and used to

correct the pressure values. A diagram of this type of

apparatus is g%vén in Figure 1.

o

APPARATUS f2

The second type of-.apparatus was adapted from that
described above. It consisted again of two pyrex glass bombs,
joined at the bottoms as before. The dlameters of the bombs
were, however, greatly reduced. The internal diameters were
now about .5 cm. with .3 cm. walls. The spiral and float of
the previous design were not used. Instead, both sides of
the apparatus were made exactly similar, a magnétic stirring
arrangement being added to the right bomb in order to determine
the effect of mechanical stirring upon the substance under

investigation.
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The apparatus was filled with pure mercury to about
thefhalf"yé§ ycéiti&n‘in,each bomb. This mercury acts as a
iiSfOE in the manipulégiOn of the ethylene gas which is con-
fired in tHe right;hana'tube,’anﬁ also transmits the pressure
generated by the carb&izdﬁoxide of the left-hand bomb. The
no rmal mercu:j level was determined by means of the cath-
etometef{'and“tﬁe‘vdlume of the ethylene bomb from the surface
of the mercury to the draw-off was calculated from the
diameter of fhe.tube; This diameter was measured by means of
the cathetomete;, and was shown ﬁo be constant throughoﬁt its
length by measurigg fhe height of known amounts of meécury.
The dlameter of the carbon dloxide tube was determined and
checked for constancy in the same manuner., Theé volume of the
draw-off was computed by geometric estimation. The total
volume was then corrected for the presence of the stirrer, the
volume of which had been determined by means of a picnometer.
The volume was later checked By repeating a point upon a known
isobar. The agreement was excellent. Volumes could then be
computed for any mercury level, and a plot of mercury height
against volume was used in the same manner as the plot of
spiral length against density for apparatus #1. The necessary
pressure correction was given immediately by the reading of
the mercury height.

This design possessed two distinct advantages over

t¢he former assembly. The absence of the spiral and float

permitted the use of much narrower tubing. The considerabdle
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E}sk»of}explosions?'which was present in all the work, was
mnchyie&uced,_ayprerer, mechanical stirring was now possible.
It kada however, the iéharen; disadvantage that heterogeneous
systems could not be detected. This was not a serious dis-
advantage in the investigations for which it was designed,
because the conditions under which suéh systems wére knpown to
exist had been established frogyp;evious work, -and the
pressures of such systems were the point of intgreat, rather

than the actual density differences themselves.

Ingertion of Mercury

The simplest and most convenient method of inserting
the desired amount of mercury into the bombs gnd the connecting
u-tube, without trapping any air in the thread of mercury
between the bombs, was that of distillation,

A‘gmall distilling flask was partially filled with
pure mercury. _Tge side-arm of the flask was fitted with_a
smell condenser jacket, and then sealed to the lead of the
carbon dioxide bomb., The system and the flask were then
pumped out, and the mercury distilled into the carbon dioxide
bomb, When sufficient mercury had been distilled to fill the
capillary tubing and part of each bomb, the stop-cock in the
lead to the ethylene bomb was closed, and air slowly allowed
to enter the carbon dioxide bomb. The differential pressure
forced the mercury through the u-tube and into the ethylene

bomb. As soon as the mercury showed in the ethylene bomb,



the stop-cock was opened and the pressures equalized in order
to prevent the mercury from rising too high end damaging the
float and spiral. This procedure was repeated until the
desired mercury height was obtained in both bombs. The
distilling flaak.was ﬁhen disconnected, and the apparatus was
ready to be filled with the gas samples.

A diagram of this type of bomb assembly is given in

Figure 2.

APPARATUS #3

The third type of experimental unit was designed
for the study of the effect of compression on the liguid phase.
It consisted of a Qingle bomb, with quartz spiral and float.

A small glass condenser jacket was made to fit over the top
portion of the boﬁba This jacket was maﬁe*water-tight against
the bomb walls by‘means of a rubber gasket. Two leads were
provided in the glass jacket itself, to allow a circulation
of water through it. The temperature of the water to be
passed through the jacket was controlled from outside the
protecting screen, Two streams of water, one from a hot and
the other from a cold water tap, weré passed through a

mixing chamber, and the temperature of the water issuing from
this chamber was read upon a thermometer. This water could
theh be passed through the jacket upon the bomb, and the
temperature of the return stream was read from a second

thermometer, placed suitably in the refurn line outside the
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protecting screen. As the control and ﬁroductio$3@f
temperature was not reguired to be precisefftheﬂkemperature
of the water passing through the water jacket was assumed %o
be the mean of the temperatures of the input and outlet

gsbreams.

S After the bomb had been filled with ethylene and

the top sealed off, the water jacket was afiixed in proper
position, the whole jacket and a large section of the leads
were immersed in the thermostat water. Thus, when no passage
of water was permitted through the Jacket, the temperature of
the whole length of the bomb was equal to the temperaturs of
the thermostat water. When water was passed through the jécket,
& temperature gradient could be maintained along the bomb It
was necessary to ensure that the water of the jacket could
return to the precise temperature Qf the thermostat. The

only source of error was likely to be the heat which could be
conducted through the leads oi the water jacket, and which
were exposed to the higher temperature of the air of the room.
A calculation of the maximum temperature gradient which could
be maintained in this way showed & possible value of .00089°C,.
This is less than the fluctuations of the thermostat itself,
eand should not be important. However, to preclude the
possibility of such conduction, small copper coils wers placed
in the bath, in seriee with the jacket leauds. The.importance
of this precaution is brought out more clearly in the

subsequent discussion of the compressional experiments.
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A slight alteration of this arrangement was used
for "molecular stirring®™ experiments. The glass jacket was
replaced by & small rubber coil. This substitution allowed
more rapid establishment of thermal equilibrium, but could
only be‘used td cool the top of the bomb,'and was useless for

compressional manipulation. The reason was this. It was

4

hoped to re-establish ligquid structure by means of local

P

\;\\\‘3322533333%? in an originég}y homogeneous system. If any por-
tion of’the bomb top werelﬁét completely covered, the
temperature of the exposed!portion would be unknown, and might
possibly be below the temperature of con&enaatioﬁ. Thus the
formation of liguid could not be attributed to compression,
and the value of the experiment would have been nullified. It
was, however, a very convenient method of bringing about
"molecular stirring® of theﬁair-éthylene mixture; which were
studied., A diagram of the water jacket assembly is given in
Figure 3. A drawlng of the ruboer coil assembly is not

included, as the principle of construction was exactly the

same.

Purification of Gases

The gases which were used in the present work were
carbon dioxide, ethylene, and mixtures of ethylene and dry
air. The purity of the gases was of the greatest importance,
because much of the criticism of previous work done in the

critical temperature reégion has been Afref the purity
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of the substances investigated. For this reason, great care
was tékeh in the purification of the gases and in their
1ntroductioh.into the system.

The purification was carried out by fractional
distillation. The source of supply of the ethylene or carbon
dioxide gas was first sealed to the purification train ag the
point A of Figure 4. The source of the ethylene gas was the
tank material supplied by the Ohio Chemical Company. It had
a. guaranteed ethylene content of over 99%. The source of the
carbon dioxide was clean powdered dry ice, which was placed
in a glass container, and then sealed to the apparatus.

The apparatus was completely pumped down by 6pening
the stop-cock at B. The stop-cocks in the distilling -bulbs
C and D were then closed, and liquid air placed around one of
them, The gas was then distilled from A to D, the stop=cock
B being opened at frequent intervals and a portion of the gas

drawn off through the pumps. When sufiicient gas had been A

collected in D, A was sealed off and the system thoro

evacuated. The liquid air was then removed fro and about

]

one-third of the sample allowed to disti%}ééff. This fraction

was used to flush the large calibrated volume EkE, and the

* — T T ——
ppropriate)bomb into which the gas would ultimately be

distilled. The remaining gas was then distilled into C, and
the apparatus again pumped down. Theée stop-cock in C was next
opened, and the first third of the sample again used to flush

the large volume and the bomb. The cock was then closed, and
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the apparatus again evacuated. The stop=-cock to the bomb was
'then-qldsed, andxthe-large calibrated - volume filled with the

gas. The stop-cock in C was closed, and the bulb left standing

IR -
—

— iy ° . .»
/2/i§fliquid“ai;. The bomb assembdbly, which had previously been

b

Cooled by & dry-ice acetonse mixture,'waSJhow surrounded by 7
. . . . ) Wff 1

-

liguid air, and an amounﬁJof gas condensed (15 as desirsed, by
oiéning.fhe stop-cocks ¢ or H, and measﬁring the change in
pressure nygn;%hemanometeyfF. :

ARG L An identical procedure was followed for the air-
ethylene samples. In this case, however, before the bomb
cepillary was sealed off, the stop-cocks to the large volume and
to the bomb were closed, the system agein rumped down, ané the
stop-cock from tﬁé calibrated volume L, which contained dry air,
was opened. The cock t©o the bomb was then slowly opened, and a
measured amountg of air allowed into the bomb, The bomb was then
sealed off at the capillary tip.

At all times between runs the bombs must be kept
immersed in a carbon--dioxide acetone freezing mixture to reduce
the pressure in the system and eliminate the danger of an
explosion.

The puriﬁy of tﬂé gas samples obtained in this maunner
is believed to be very great. The behaviour of pure ethylene
samples checked exactly with that ¢f samples purified by care-
ful distillation through & Podbielniak column. There are
minute discrepancies in behaviour between the samples uged by
the author and those employed by Geddes and Maass. It is

believed that these differences are due to &lmost immeasurably
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small quatnitities of air in the samples of the former workers,
Wwhich were completely rewoved, or at least greatly reduced in
amount by the particular care taken in preparing the samples
used in these iuvestigations. The amount of gas was calculated
from the gas ;aW) and thé change in pressure of the large
calibrated volumea. No account was taken of aberrations.from
the ideal laQ, because it was found to be unnecessary in the
types of apparatus used. ;n the first design the average
density was known directly from the spiral reading. 1In the
second, an approximate drop of 10 cm. in pressure was &ll that
was required to f£ill the smaller apparatus. The iossible
error from reading the manometer was 1%, which is of the séme
order of magnitude as the correction necessary for the idseal
law at atmospheric pressurs.

-Care had to be taken to ensure that the proper
amount of carboh dioxide was introduced into the systewm, so
that under working conditions a two phase system was always
wmaintained, despite the volume changes and temperature changes

to which the carbon dioxide was subjected.

Treatment of Glass and Causes of

Explosions

The experimental units used in these investigations
were required to stand large internal pressures of 50 atmospheores
or greater. For this reason the construction of the bombs

required great carse.
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Despite all efforts which were made to remove causes
of explosions, no surety of proper construction was ever
achieved. The bomb assemblies were tested before being placed
in position,by means of a Cailletet water pump, to well above
the pressures generated in normal operation. Iua splte of this,
frequent expiosions occurred, The explosions were of two types
The first was the complete collapse of the bomb walls them=-
selve;. ‘The second was the cracking of the u-tube. The effect
of annealing upon the glass was studied, The bombs wers
placed in an annealing oven at 550°C. for two houras, and were
then slowly cooled over a period of twelve hours. This
treatment had no apgarent influence upon the bursting pressures
as measured on the Cailletet water pump.

The breaks in the*u-tube were traced to two possible
causés. It was found tﬁat if thedbombs were clamped very
firmly in position, the u-tube fregquently shattered. When the
clamps upon the top of the carbon dioxide bomb were loosened,
and a certain small play allowed in the bomb, the number of
breaks in the u-tube was greatly reduced. The second cause

appeared to be the Bourdon effect of the bends in the tube when

—~—

=
could be done to offset this inherent disadvantage of the '™

N

cooled or heated through large temperature ranges. Nothing /@
7

(W
design.

>
% &

Cleaning of the Glass Surfaceg;

The glass was always carefully washed and then
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ripsed thoroughly with distilled water. When the bombs were
1n.§osi€ion‘theynwere thoroughly baked out under high vacuum at
a temperature of about 2009C. for periods of well o;er half an
hour.r

Thermostats and Lighting

\
-

Sinqg & temperature control-of better than +.01°C.
,was-desired, it was necessary to construct thermostats in which
the- temperature could be very accurately regulated. Since the
temperature of T was in the neighbourhood of 9.50°C., the
'Qritical}temperature of éthylense, and that in T, in the
vicinity of . 15°9C,, the temperature:at whiehrcarbdnidioxide has
a vépour prsssure approximately equal to the critical pressure
of ethylene, water baths aerved the purpose admirably. Each
thé}mostat consisted of a cylindrical‘pyrex jar 18 inches high
and 10 inches in diamseter, well insulated with sheep's wool.

A long narrow plate glass window was cemented in the jar T, so
that when the latter was placed in position the measurements
of the spiral extensions would not be influenced by
imperfections in the glass wall of the jar. Since the temper-
atures were below room temperature, water sometimes condensed
on the glass and probhibited clear vision. To eliminate this
difficulty, a double window was placed in the front of the
thermostat and a current of warm dry air passed between -the
windows. The ethylene bomb was illuminated from -behind with

200 w.. frosted lamps which were water cooled. The thermometers
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were villuminated by front-lighting. Each bath contained a
éooling coil P, made from six feet of half-inch thin-walled
copper tubing., A two-gallon water tank supported at the
celling, and which had a steady flow of cold water through
it, served as a constanf head source for the cooling coils.
The rate of*flow of water in the coils was adjusted by means
af.largejtaﬁéa A smal ler subsiduary flow system was added to
this system in order to increase the sensitivity of control
for-the préessure volume is;thermals reported below. \Each‘bath
wae also supplied with a 500 w. and & 100 w. heater. All
’He;ters were manually controlled by!means of rhpdﬁtats.
Stirring was produced b& méghs of two stirrers,with four blades
7each, for each thermostat. All four stirrers were operated by a
D;»Q;«ehunt wound motor whose speed could be controlled.
Pemperatures were determined-with Beckmann thermometers and
standardized méféury thermometers divided into tenths. Thus
absolute temperature readings could be made with an accuracy of
+.02°C. and relative readings with a higher accuracy.

et All the apparatus contained in the thermostats was
supported—from above by the beam K. This allowed the
thermostats to be moved up or down. By the use of a system
of cords and pulleys, the baths could be-raised for a run and
lowered at its termination, to permit the Dewar flasks to be
piaced~iniposition around the bombs, or removed therefrom.

The explosion hazard has already been mentioned. To

protect the operator from flying glass in the event of an
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explosion, a double wall of beaver board was built in front of
the apparatus. Observations were made through a shatterproof
plaﬁe glass window, and.all manipulation during a run was per-
formed behind this screen, Thermometers were observed through
telescopes, and the readings of the mercury height or spiral
length wereeﬁada by means of a cathetometer placed near the
telescopes. After each run, the Dewar flasks were lifted
around, the bombs by means of string and pulley hoists, being
guided into place by stick; which were attached to them and

menipulated from behind the wall.

Experimental Procedure

The sequence of operations involved during an
experiment was of great importance and must be followed rigidly
if breaks of the u-tube and other ‘causes of trouble are to be
avoided.

The solid carbon dioxide in the flasks was first
meltqd out with acetone so that the flasks could be removed
withoﬁt straining the glass assembly. Care was taken that
some golid carbon dioxide was always present so that the
temperature of the slush remained at -78°C. The level of the
cooling mixture in -the centre Dewar was maintained at the
highest possible level. This was done in order to increase
the contraction of the mercury in the u-tube to & maximum, and
so increase the margin of safety for the expansion of the

mercufy'in the bombs and capillary when the baths were hoisted
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into position. The bath water was next cooled by adding ice.
The.tempqrature of the ethylene thermostat must be below 8°C.,
sin¢e the behaviour of the system depends upon its thermal
 history4i£,this temperature is much exceeded. The carbvon
dioxide thermostat was cooled to about 12°C. When this was
done, and thermometers and lights properly arranged, the
Dewars weré%removzg from the ethylene and carbon dioxide bombs.
These were allowed to warm up slightly in the air for several
minutes and the;pqths then'pulled up into place. The baths
must be raised into position in such & manner that the frozen
mercury is completely submerged in as short a time interval as
posslble. If this were not done, the mercury in thatApart’of
the capillary which is submerged wpuld'melt,.and since the
mercury above it in the bomb and in the capillary is not yet
molten, there would be no room for its expansion, and the
tubes would be shattered although no pressure had as yet been
developed by the gases themselves. The temperatures of the’
thermostats were then adjusted to bring avout an approximate
balance of pressures between the two bombs. With ethylene
these temperatures are well known, but for some substance whose
vapor pressure curve has not been accurately determined, it is
well to maintain a pressure in the carbon dioxide side which
exceeds the probable critical pressure of the substance, and to
keep the temperature of that substance slightly below the
critical. In this manner the mercury,will rise slowly when

the frozen seal in the u-tude is allowed to melt, and will
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force the liguid up against the top of the bomb., This liguid
is relatively incompressible, and more time is available for
temperature aﬁﬁustment than if the carbon dioxide were being
compressed, because the carbon dioxide is present in such
quantity as to guarantee e two-phase system throughout any
volume change caused by the mercury movement.

Three types of experiment are now possible. These
are coﬁstantipressﬁre, constant volume and constant temper-
ature runé} "The first is performed by mainteining the carbon
dioxide temperature constant, except for smell-changes to
mEbunteract‘the variance of mercury level, while the téﬁperature
of the ethylene or other substance is varled as desired.

Constant volume runs may be performed in either of
'fﬁv ways. On the one hand, the mercur&~in the centre u-tubse
may be kept frozen, while the ahaﬁge»in density with. temperature
is followed. Oﬁ the other hand, the volume may be kept con-
étant by adjusting the carben;dioiide pressure=to cournteract
for the volume change. Such. experiments are the hardest to
perform, and subject to the greatest ezrdr. With practice,
however, the operator cad maintain the volume constant to
much less than 1/2% clhange.

Isothermal rune are-made by making small changes in
the temperature of the carbon dioxide thermostat. An increase
in temperature, for insténce, causes aniiﬁcrease in pressure
upon tﬁe ethylene, which is givan by thé vapor pressure curve

of carbon dioxide minus the increase in height of mercury



caused by the volume change. Great importance has been
attached to certain runs of tﬁis type which are described in
the latter part of this thesia, and emphasis should be placed
upon the care taken in thelr acquisition, and upon their
reproduclbllity. Pressure changes could be made with
ceftaintyto -0l atmosphere, while temperatures of the
etﬁ}iene were kept to +QOOZ°C. From day to day the estimation
of the reading of the standard thermometers'varied by about
.02 C., hut in any one run, pressures could be duplicated to
+. 005 atmosphere or better. Two samples conf ined in differesnt
assemblies gave exactly similar results. ) | :

The closing down of the apparatus is essentialiy
the reverse of the procedure oaﬁlined above. The mercury”is
broﬁght to approxigétely the level position, and ;he.tip of
the;ceﬁtre u-tube is frozen. The thermostats are then cooled
té abouf g0, éga iowered‘away. The Dewar holéers are
attached to the sticks, and a freezing mixture‘slowly raised
about the bombs. Care sﬁould be taken to see that the mercury
,;é‘frozén af thé three tips first. This ensures a maximum
c;ﬁt;sction a;d even spacing of the mercury. After the bombs
h;;arbeén thoroughly cooled, the operator may go behind the

protection, and replace the freezing mixture by gsolid carbon

dioxide.
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RESULTS

- The results which are presented in the following
sections were obtained from investigations of one and two-
piésesystems of ethylene, and from studies of air-sthylene
mixtures. Although & subdivision of the work intofeectiona
desc:ibiné_yhe results obtained from the one component system,
'and a eeconi section descnibing those from the multi-
,eon;onene eyefem would ee Quite natural, it is felt that the
rqpofi will be somewhat more straightforward and offer better
continnity if presented in a hronologicai sequence, because
the early work in many cases led directly to the later, and
the frequent changes of ideas in the 1nterpretation of the
results seem to lead quite naturaily to the ideas now held by
the writer. In particular 1t is interesting to note the
rather distinct changes between the interpretation33§/a;£;:e

——ﬁ*\aﬂthe writer which developed rather rapidly as an increase
in knowledge permitted the perforuwance of more and more
informative experiments. For this reason, a survey of the

wonk done by Geddes is presented hers somnewhat more fully

than in the introduction.

Geddes found that time lags in the establishment
of eqnilibrium densitiee, subsequent to pressure, temperature
or volume ohanges, were of an entirely different order than

" o-

that required for thermal equilibrium. Measurements made at
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constant-pressure showed that:

(1) the time reauired for the density change to reach half
value, called the time to half value, is in general shorter
with increasing temperature toward the critical temperaturs
than with decreasing temperature toward the critical;

(2) the transition from "vapor" to "liguid"™ densities showed
an extended time lag, as long in some cases as six hours;

(3) the influence of pressure upon the time to half value is
great, the time required f;lling off rapidly with increase in
pressure;

(4)  the time to half value is lessened the greater the
difference onetween the initial and final densities, although
the time to eyuiliorium is greater.

Measurements made at constant volume showed a
persistence of a heterogeneous asystew until the temperature
was approximately four degrees above the critical., Cooling
from this temperature caused no increase in density until
condensation occurred, when a liguid of a lower density than
the original liguid appeared. Once the density difference had
been destroyed, the homogeneous system was considered to be a
true gas until the temperature of condensatlion was reached.
Pressure measurements of the homogeneous and heterogeneous
systems showed that the pressures were identical within
exper imental error for any given temperature.

Isothermal compression and expansion were found to

-

destroy the heterogeneity and this was considered to mean that
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the two-phase characﬁer of the system had been destroyed.
Temperature flﬁctuations and "molecular stirring"™ were found
t0 have the same effect. These results were interpreted on
the basis of a difference in stiucture of liduid and gas, with

the concept of a dynamic structure or regional orientation

@E}i@”ﬁﬂ&rég&ggig;;éiéi;the true ligquid., Thias interpretation
has now been extensively altered to ths coucept of a simple
two-phase systgm without specification as to the differential
characteristicé’qf the separate phases for the explanation
of much of the phenomena reported below. It fails, however,
to explain certain very pertinent experiments without some
further elaboration.as to the physical aggregation of the
phases. Where thawfimpler explanation has been sufficient no
mention is made of the hypothesis of regional orientation,
but where this explanation has failed, the concept of a
liguid which possesses some sort of structure of that nature
has been used, and has veen extremely useful.

The unusual nature and interest of the results of
Geddes made the gquestion of reproducibility an essential part
of any subsequent work. Three typicel isobars of samples of
ethylene of satisfactory purity are given in Figure 5. The
isobars are identical in shape to those obtained by Geddes,
but show a difference of .010, gujcec. in the absolute value
of the density all along the curves. This is very clearly
illustrated by the good agreement between the triangular

points (which are the values obtained by Geddes minus a
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constant factor of .0100 gm/cc.) and the curves, which are
observéd~values, The cause of the discrepancy can be
suggested, and the presen£ values arse believed more nearly
correct for several reasous. It is at once aprarent that the
carbon-diogide pressureﬁﬁannot be the cause of the divergences,
for the liquid density at 9.00°C., under the vapor pressure
of-etnylené gldne, ahd obtained by keeping the éentre u=tube
.frozen,ris ;z;orted as .2561 gmjcc. by Geddes, which differs
by the same factor .0100 gn/cc. from the observed values. |
The most likely source of error is therefore the calibration
of the glass float. The volume constant in the pfesen; work
2 A 24
was reprodggible to 3 parts in SOO,A?he mean of a series bweding,
of course,&hore accurate. Moreover, duplication with entirely
new apraratus, lncluding a.new spiral and float, gave valueé
agreeing with each other to 8 parts in 1000 on absolute values.
Although two samples were used by Gedgea,-none of his work
wes repeated with a different experimental unit; in this
investigation work was repeated with several units. Table I
shows the reproducibility of the liguid phase density for
different liquid vépor ratibs, as well as checks obtained with
different units. COﬁsedﬁéntly, it may be ééaaonable to assume
that the absolute values of the data presented here are more
nearly correct, and although no change is indicated in the

o (%™
relative density measurements of Geddes,.amd in the conclusions

drawn pherefrom(:gg;:;:;:EE;;> the values should be corrected.
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TABLE I

Densities of Ethylene Liguid at §.00°C. for Various

Fillings and Experimental Units

U SRR St thatoes i S (- — S Y S ———— " g—— —— E— G e S5+~ . G v S G~ G
S T . - (> s S~ G et Y S Bl -Gy PR~ S S+ G Cu— e G . S0 Greran

Sample -Average Density of
No density liguid
1 0.2161 0.2455
2334 2460
2301 . 2460
3 .2153 2450
2210 . 2450
2253 2455
6 2127 2443
9 2166 . 2445

Déhsities of Sample 1 were measured by means of
one experimental unit, of 6 and 9 by two other units.

Semples 3 and 6 Wwere distilled in & Podbielniak coluun (56)
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Reproducibility of Time Lags

o
‘ The ({degree agreement of the time lags is all

that may reasonably be expected from the experimental method.

Very amall differences in ansolute tewperatures cause large

- +
- e

" changes in densify;_especially at those positigns of the
isobars where time lags arc most sensitive.f'Méreover, the
corfection that muét_be applied for the changing mercury level
invo}ves & personal error. Thils is due to the fact that the
témp;raturerf %ﬁe carbon dioxide has to be adjusted'contin-
uwously in such a way that the proper temperature change is
achieved at the. desired time interval. Since the effect of
pressure upon time lags and density is marked, slight
differences in pressure cause divergences in the time
required for eguilibrium. The correct order:of magnitude is
therefore all that should be expected along isobars, while
much‘better agéeemént should be obtained~in~éonstant volume
determinations where the u-tube is kept frozen, The results
are given in Tables II and III, Followlng the gractice
initiated by Geddes, the results Ior isobars are expressed
in terms of the time reguired for the density change to reach
the half way mark, while the eguilibrium times are recorded

for isochore runs.
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TABLE II

Time Lags Along Isobars

Maximum time lags observed on heating +0.209C,, pressures
beling kept consgtant

Geddes Observed
Pressure, Pure ethylene Pure ethylene 0.33% air o0.55% air
atm. t1/2, min, t1/2, min., t1/2, min. $1/2, win.
50.54 12 12 -- --
51, bl 1.5 5 6.5 L

L3

Time lags observed on cooling so as to produce specified
density changes (in pure etiuylene) pressures being kept
constant at 50.54 atm.

Geddes Observed
Dengity ehange t1/2, min. Deusity change tl/2, min.,
0.262 to 0.245, e 0.265 to 0.254 2.8
0.240 to 0.205 8 0 2“5 to 0.210 1

Cooling Time Lags of Pure Ethylene

Isobar at 50.54 Atmospheres

Geddes Observed
Density change t1/2, min. Density change t1/2, min.
.215 to .272 7.0 .214 to .272 10-0

Isovar at 51.44 Atmospheres

.190 to .215 34.5 .192 to .215 52



Temp. change, °C

Density change

Time to egquilib-
rium, min,

Temp change, °C.

Densilty change

Time to equilib-
riam, min.

TABLE 111

Time Lags of Isochores

Pure ethylene

Sample No. 3

9.20 to 9.50 9.30  to
0.2354 to 0.2256 0.23%25 to
23 23
9.70 to 9.90 9.80 to
0.2094 to 0.2073 0.2175 to
20 19

Sample No. 6

0.93% air
9.50 9.30 to 9.55
0.2241  0.2544 to 0.2517
3
10.50 10.30 %o 11.50
0.2136 0.2175 to 0.2136
3

Geddes and Maass--approximately 20 min. in all cases.

9.30

0.55% air

t0 9.55

0.2469 to 0.2386

3

9.80
0.2346 to

3

Note--Cooling time lags of air-ethylene isochores are of same duration

a8 the heating,

i. e. 3 3 min.

/

to 16.30

0.2277

[}
n
o
]



For purposes of a comparison to be made later,
the time lags of ethylene-air mixtures are included in
Tables II and III.

Although these determinations are by no means com-
prehenéive, the reproducibility of the data of Geddes is
well illustrated. The sharp increase in time to half value
which océurs when densities are changed from the vapor region
to the dritical density, over that when changes are made
from the critical density to the true liquid density is
shown in the above figures.

The time lags of tie isochores show excellsut
agreement, as was to e expected. It therefore appears that
the time lag phenomenon, which was first discovered by Geddes,
although not fully reiavestigated, is reproducible within the

limits of experﬁﬁéntal error.

Phasge Densities of the One Component Systew

at _9.50°C.

The dependence of the phase density at the temper-
ature of meniscus disappearance upon the mass volume ratio was
next investigated. In order to do this, the mercury level
was adjusted so that the liguid or vapor phase, as the case
might be, totally surrounded the float. The equilibrium
density at 9.50°C. was then determined, and also the position

of disappearance of the meniscus by means of a scale at the
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side of the bomb. The total volume at this mercury level
could be calculated from the average density of the medium,
and the weight of ethylene. A plot of scale reading against
vo;ugs gave the relative volumes of liquid and vapor from the
pdaifioﬁtof disappearance of the meniscus. The amount and
density of the phase not directly measured could then be cal-
culated by difference. This procedure assumes the homogeneity
of each phese, and is thersfore not avsolute, but such an
asgqmition‘is the simplest and most obvious. The results are
4gi§;n in Taole IV, and shown graphically in Figure 6,

It is interestiang to note that the vapor phise at
one average density may have a greater density than the
liguid at & lower average density. According to the class-
.dcal theory there should exist no difference, and, from the
definition of equilibrium, the nature of the two phases
should oe independent of the relative amounts of each phasse,
One 1s therefore led to the conclusion that either the
densities determined are not eguilibrium values, a point that
cannot be girectly settled, siance time is of infinite duration,
or else some other factor besides the relative amounts of the
phases is being altered as the mass volume ratio is changed.
This factor may well be the regional orientation, in the
nomenclature oi Geddes and iaass (§/), or the cybotactic
groups of Benz and Stewart L3).

On the otier hand, this anomaly may also be

explained by a process of mixing of the two phases, which also
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TABLE IV

Liguid-vagor,Densities at_9.509C,

Weight Volume

)‘ These values were ootained with an entirely

new apparatus, and the ethylene was purifled

by means of a Podbielniak still.

Average Liguid Vapor liguid 3:;§3t viizzi X%tﬁ?i vapor

densitz density density gu, gm: _cc. ce. cc.

0. 1aaza‘ 0.188 0-179% 1.35  2.805 22.86  7.21 15.65
g2 X 191 .1806 1.55  2.610 22.58 §.13  1L.45
.2020 .2103  .192 3.654 2.77 31.78 17.38 14,40
.203g" .2113  .191 2,498  1.66 20.52  11.82 g.70
. 2070 <2154  .196 3,726 2.09 31,01 17.26 13.75
. 2095 .2203  .19k4 3.965  2.46 30.64 17.99. 12.65
.2153 .2255 .196 4.380 2.04 29.82 19.42 10.40
.218k4 .2268  .201 4.490  1.93 29.40  19.80 9. 60
.2210 .2283. .20k  H.63% 1.79 29.05  20.30 .75
. 2253 .2310  .210 4. 670  1.73 28.50  20.25 8.25
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explains the definite maximum difference of density betweeh
the phases at the classical critical density. For this reason
the maximum divergence 1s to be exgected at that density. A4t
ihe critical deﬁsity the movewent of the meniscus should be a
winimum, and %herefore dilution of one phase by the other should
also be minimuw, and the greatest density différence should
therefores pe aprarent under such conditions. The pressure
volume isothermals whick are discussed pelow lend support vo
this theory of mixing. Thej indicate that at least within the
range of averagé density from .204 gmjece to .232 gm/cc.'the
heterogeneous systems are truly equilibrium saystems, and are
one stable form which the system may possess. The other is an
.apparently homogeneous system, which, however, stili retains
a two-phase character, and which may apparently be obtained by
an expansion from the true liguid state,_é compresasion from the
true vapor state, or a cooling from the true vapor state at
some temperature exceeding 10.5°C., to sowme lower temperature
greater than 9;20°C. Mason, Naldrett and Maass (57) nave
aprarently ootained such systems by sh;king above §.20°C., when
: N
& system which;reaembles a dispersion Qf liguid in vapor 1is
formed. TheseﬁﬁbSérvations all lend strong support to the
dilution theory ouilined above, which was offered before the
latter evidence had been obtained, as an alte;native explanation

of the relationship between phase density and mass vdiume ratio,

and which makes no mention of the regional orientation or

molecular structure theory.
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Complete Hysteresis Curve of Liguid Dengity

et Constent Volume

The complete hyster691s curve of. liquld ethylene,

Aoelow the crltlcalvb'f

» was next
determlned, A typical 1socho;e is shown in Figure 7 ‘The
first real discrepancy between the Wﬁrktéf Geddes and the
author is now revéaied. ‘Isochores determlned by Geddes had a
larger area of indetermlnate den31tiesvthan those observed by
vthe present writer. In the flrst place, the temperature at
which the average denszty is attalned is lowered by approxi-
maﬁely 39, being 10.5°C. in the case of the present samples,
“éﬁ&’dfiabout lﬁ°C. in the case of the samples etudiad by
Geddes. Moreover,_the behaviour on cooling frow temperatures

&—wyt&&[’”‘"
above the criticaL(gnd‘aa#—s#%%y velow the temperature at

which a homogeneous gysbtem is obtained is uuite different. In
the studies made by Geddes, the density always iacreased on
cooling, and the lower the temperature the more nearly did the
cooling curve follow the original heating curve, which is
represented by the upper curve of Figure 7. This pehaviour was
interpreted as some sort of cumulative efrect which the
presence of liguid had upon the reforming of more liguid. - It
was not duplicated by this worker. In all casés in the pressent
investigation, when cooling was performed from the critical
temperature or temperatures higher than the critical yet below
the temperature at which the system attains its average density,

no increase in density was observed in the lower part of the
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tube until very close to the temperature of condensation.

The triangular points in Figure 7 indicate the effect of cooling
from 10.5K9°C. Further evidence is given in Table V. The
probabvle reason for these divergent findings 1s now considered
to be the presence of very emall guantities of some inert
impurity, such as air, in the samples used by Geddes. The
emount of air must have been so minute, however, that the
qualitative behaviour of Geddes' systems must be considered to
be typical of pure ethylen ) and the value of his work is very

sllghtly changed(\figg:ggz>” A clearer understanding of this

explanation will be apparent as soon as the data upon air-

3

ethylene mixtures has been presented.

TABLE V

Cooling from 9.60°C.

Teggerafure °C Density gmjce.
9. 60 .2270
9. 50 - .2270
9. 40 .2270

9.30 .2299
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Constancy of Pressure with Changing Volume

above the Critical Temperature

layer and Harrison (54), have recently made some
interesting calculations based upon statistical mechanics as
to what may Pe expected in the ecritical pressure - critical /
temperature region of a one component system. Specifically
they predict that above the critical temperature as classically
defined, the pressure volume isothermals shall exhibit a
region in which (%%—) = 0. This region shall have an upper
linmi¢ at which(i}%’ 'E O for omne poiﬁt only. The isotherﬁéls
of Geddes andﬁMaass? which were with one exception, that at
9{8006., evaluated from the isobars, showed no sﬁch—fegion.
However, the experimental points were not close enough together
to settle this guestion definitely. The experimental
isothermal at 9.80°C., which was determined in connection with
the effect of expansion and compression upon the:ieﬁerogeneous
system, also showed no such region. It did, however, show
clearly that the pressure of the heterogeneous system was the
gsame as that of the system at the same temperature when

homogeneous. If now the pressure oI such a neterogensous system

could be shown to be independent of the mass volume ratio, the

Tesulte 1o be concordanty) should show a region upon the

homogeneous isothermals wherein {;%) = 0. The evidence given
T

in Table VI shows that the pressure is independent of the mass

volume ratio within experimental error. Owing to the import-

ance of the experiment the technique is fully descrived.
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The mercury was adjusted so that the float would
be completely immersed in liquid ethylene. The temperature
of'tbg carbon dioxide and ethylene was then carefully raised,
care-being taken to main:gihiﬁhe mercury at a éohstant level.
The ethylene temperétur;xéés raised to 9.80°C., and the
equilibrium density determined. This density measurement
showed that the system had remained heterogeneous, for it was
an euuilibrium value, and differed from the average den31ty
atjthat'volume. The carbon dioxide temperature was read,.and
the pressure corrected for the difference in mercury leveils
between the two bombs. The systewm was then changed to
another volume -by adjusting the carbon dioxide ﬁemperature,
the centre u-tube frozen, the ethylene cooied to below 8&°C.,
and reheated to 9.80°C, The mercury was then meltsd, and’a
density and pressure reading obtain;d at the new volume.

It therefore appeared that a major discrepancy
between the wofﬁrof Geddes andd;he author had been discovered.
This could again be due to the presence of a small quantity
of air in the samples used by the former, or also explicable
on the assumption that the experimenﬁal points of his isothemm
were taken at too wide intervals. The second form of apparatus
described above was therefore contemplated, in which the

correction for mercury level would be more precise, and this

and other predictions of Mayer were planned as the subject

for further investigation.
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TABLE VI

Data Showing Constancy of Pressure with Changing

Volume at $.80°C,

| $pecific
Mercury Average voluue, Equilibrium Pressure
_level density cc. . __Gensity
125 0.2178 4.591 0.2214 50. 35
113 . 2094 4.775 .2148 50 36
130 L2214 4.514 2247 50. 36
108 2070 L. 830 2112 . 50.35
TABLE VII
Ethylene Temp, °C. Pressure Observed Densgity
.00 Lg. 76 2688
g8 00 49 06 2727
g.00 49.19 27172
g.00 49 25 2790
9.00 49.88 248l
9 00 50.08 .257h
9.00 50.2% 2619

9.00 50.27 2640
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Air-Ethylene Mixtures

One sample of ethylene of supposedly very great
purity gave anomalous results wiﬁh»respect to the hyggereais
curve at constant volume, In order to trace the cause of this
behaviour, isothermals at 8.00°C., and 9.00°C., at which
temperatures the ethylene should fallow the behavicur of a two-
phase one component system, were determined. The results are
given in Table VIi, ﬁage-ss,%and indicate the presence of an
inert gas. ‘} |

, Moreover, at a pressure of 50-23% atmosphers, wh;ch
is well above the critical pressure of 43.98 atmosphere,
reported by Geddes, two phases were still clearly v;sible. The
most likely impurity qung air, two systems of .55% and .93%

air by weight were introduced into the bomd and studied.

 Isobars of Air-Ethylene Mixtures

Two isobars of each sample are given in Figure 8
and the values tabulated in Table VIII, The time lags for both
heating end cooling have already been recorded in Table II,
The times to half value agr;e, within the sensitivity of the
method, with Ehe values obtained for pure sthylene. In
addition, the shapes of the isobars are similar to those of
the curves obtained with pure etﬁylene. These facts indicate

that the inflections observed in isobar runs with pure
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ethylene are not noticeably affected by the presence of air in
these concentrations. This is not the case with determinations
at constant volume.

Another point of interest in these curves is the
increase in density with decreasing air content The reason
for this is that the isooar systems, although at pressures
well above tﬁe critical in both cases, are now not -homogeneous
systems (they would be if ethylene alone were present)ybut
consist of tw&:ﬁﬁiéés. The air is apparently largely insoluble
in the liquid ethylene. This cau;es an increase in prés{ure, a
torresponding increase in total volume, and & consequent

decrease in the density.

Isochores of Air-Ethylene Mixtures

These curves, §;u;£ich ﬁyﬁicai examples are shown in
Figure 9, and recorded in Table X, exhibit & behaviour vastly
different from that of pure ethylene. The greatest difference
is the increase of density with decrease in temperatufa when
the cooling is started above the %ritical, & phenomenon that
has been noted for the firast time.

In order to understand the complete significance of
what is to follow, & brief review of previous work and theoriag
is given.

The classical tempsrature density curve has long been

assumed parabolic in shape with & smooth vertex. Experimental
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TABLE VIII

Press. Atm.

50.54
50,5k
50.54
50.54 -
50554
5054
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TABLE VIII =- counbtinued

Air Temp. °C. Press. Atm. Density gu/cc.
.93 8.70 51,44 . 2507
93 9 20 51, bi . 2823
.93 9. 40 51. 4l 2784
93 9. 65 51. 4k .2721
<93 9.95 51, ki 2623
.93 10 27 51.4k4 . 2525

i93 10. 50 51, bk 2181
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evidence had veen obtained with éggiiiaiué temperatur
to‘fhe ecritical, but never quité”t; it. The form of the curve
was tberefore extrapolated by means of the Callletet-liathias
rule regarding the critical density- Traube ('9), Galiﬁzine
(8) and Teickiner (20) were the first to question this
procedure and recorded the oovservation of a density discon-
tingity above and below the position of disapipearance of the
meniscus, and that the meniscus reapicared at a temperature
other than the critical. Young (ﬁ?) and others failed to
réproduce these results, and attempted to explainvthem by the
theori\that impurities hindered the establishment of
equilibriuw by slowing up of.diffusion. Mlaass aund his
collaborators (4/) have traced the‘density temperature curvs
through the entire crivical region with very carefully
purified materials, aand have confirmed the first results of
Galitzine et al. |

It is now believed by the writer that, if this
behaviour is caused by impuritiesgp and this is regarded as
improbable;‘a mechanism other than that proposed by_Young must
beﬂassumed. Mo reover, it seems doubtful that substances may
be obtained pure enough for this phenomenon to disappeéar
entirely, in the light of the work of Clark (50), and that
described here.

Turning to the time lags of the isochore runs in

Table III, we see that the order of magnitude in the

establishment of equiliovrium deusity is now quite different
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N W
end much smaller. This in itself 1ndlcateskan entlrely ;/, &

s o e,

differsnt type of phenomenon te—be occurring. 6§§rst 'either

the liquid phase is destroyed and reformed, and that much R
— e 4

PRSIV e

more quickly in the.presence of air; or¢ ég;ond the air causes

i_—-—"/-

the liguid state to persist, since it;ap;arently is not
disaplvea to any great extent, by increasing the pressurse on
that phase. In this case, the changes of density may easily
be explained by an expansion’or contraction of the liguid.

A rough calculation for the .93% air mixture gives,
on the assumption that the meniscus is in the middle of the
tubg? and that the air is imwiscible with liguid ethylens, an
excess pressure of three atmospheres. Certain. "molecular
stirring" experiments performed in the following manner
aﬁpport this theory.

A cooling coil was wound around the upper portion of
the bomb. This coil could be maintained at 5°C. by the
passage of tap water through it. The temperature of the bomb
wasiraised to 10.0°C., the sliding thermostat partly lowered,
and the upper portion of the bomb cooled. Violent distillation
occurred, and after several treatments of this kind and
subsequent heatingfto 13.5°C., the sample had a density of

g;g,e_ Al P~
.2160 gm/cc. &g Table IX~EEE§3K The aystem ie now probably
homogeneous, and on cooling acts much like pure ethylense, Py
ig ghown in Figure 10, except that the temperaturse of

condensation is now lowered. As shown adove in Table V and

Figure 7, when the liguid phase of pure ethylene has peen
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even partislly destroyed, or dispersed, as the case may be,
no increase in density occurs on cooling. Moreover, the
visual effects of an air-sthylene mixture with respect to
disappeafance and reapﬁearance of the meniscus are quite
different from those characteristic of pufé ethylene. With
air present the meniscus first becomes diffuse, a brown ring
next appears, and this then disap,.ears on further temperature
increase. The phenomena on cooling is the reverse of this,
and once the meniacua has reapgeared, further cooling causes
& noticeable contraction of the ligquid, without any apiarent
interchange ovetween the phases by condensation and effervescence,
which would be at once remarked with pure ethylene. From this
and the above experiments, one is led to the conclusion that
theiliquid phase had persisted wany degrees avove the critical,
owing to the pressure caused by the inert gas. Indced, as the
figures in Table X indicate, this persistence is possible even
abo%e 34.5°C., which is twenty five degrees above the classical
eritical temperature. These figures were never repeated,
probably because before this particular run was made, the
ethylene had been imumersed in liquid air, the air allowed in,
and the bomb sealed off. ©Since no ap.reciable length of time
was ellowed for the a ir to dissolve in the ethylene at -80°C.,
befofe the run was performed, the density vaelues are somewhat
higher than found on repeatiug the lower part of the curve.
However; runs made up to 24°C. with this same sample wsre

reproducible. These figures are referred to in the next
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seCction, in conjunction with the data on compressional
experiments.

To sum up, the déﬁé’wiéh‘air-ethylsne mixtures
indicated Quite definitely that the persistence of the liguid
state of aggregation coﬁia be extenaed for many degrees above
the critical by pressure on that phase. This sugsested the
possibility of a réfbrming of the liquid state of aggregation,
by the application of a pressure gradient along the tube. The
results of the investigations along this line are presented in
the following ssction.

! The critical tewperature ol air-ethylene mixtures
has béen the point of much discussion by various experimenters
in this laboratory. The critical temperature. of pure
ethylesne samples has been agreed upon within several hundredths
of’éﬂdegree by the various observers. However, the meniscus

of an air-ethylene mixture is ajpparently much more diffuse, and

the critical temperature W&%hiﬁ a~temrth—of a
&S;, %ﬁf’&ﬂf—éx%&n’; "Z&..;::’;’— 7 f'\”;:s wtrdataey 4

degzse has &é?eaéed upon the ‘observer.

It seems safe to say that, in a stationaryfypmb of
lepggg guf ficient to provide wall areas whose shapes are not
distdfted by the oending of light caused oy the working of
the glass at the draw-offs, the 1imit.of visual discoutinuity
is within several hundredths of a degree and, independent of
the observer, the same as that Ior pure ethylene. The
t emperatures reported from observations of bombs which are

rotated are guite different, buv the expeérimental treatment

-
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TABLE IX

Molecular Stirring

Intermittent stirring nearly completely destroys liguid.

Time of
Densgity stirring, Temp. ©C. No. of
- __ _min, 8tirrings
0.2379 0 10.00 0
. 2215 25 10.00 1
.2193 21 10.00 2
.2172 15 10.00 3
.2172 12 10.00 4

System was cooled to 9.60°C. The density increased slightly to
0.2177 gmfec. If heated to 13.5°C., after such stirring the
density falls to 0.2160 gm/cc. On cooliug Irom 13.5°C., the

density changes as follows:

Densgity Temp. ©GC, Density Temp. ©C.
0.2160 12.50 0.2211 9. 40
. 2166 11.00 . 2227 9.10
.2182 10.00 . 2355 g.90
.2197 9.60

Condensation occurs at approximately 9.0°C.
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TABLE X

Ethylene-Air Sample

Unknown alr content estimated to be about 1.5%

-

T emperature °C. i Density gmjcc.
8. 60 2740
g.90 .2722
9.20 .2715
9.50 . 2699
9.80 . 2688

10. 30 . 2659
12. 30 . 2546
13,80 . 2486
15.30 . 2432
16.80 .2392
18.30 . 2355
19.80 2334
21.30 L2314
24. 30 . 2280
27.30 . 2260
30.30 . 2247
34. 50 . 2230
28.00 . 2251
22.00 .2283
16.50 . 2352

12.00 .2530
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is apiarently the cause. With stationary bombs the
temperature of disappearance as defined aoove may not be used
as & criterion of the purity of the gas. Table XI gives

figures which show this conclusively.

TABLE X1
Sample No. 1 2 3 i 5 6
| 1004  Unknown  100% 0.93%  0.55% 100%
Purity UéHu air content GEHM air air 0234

Tg, °C.  9.50 9.50  9.50 9.4 9.50 9.50
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The work descrined in this and the-following section
was done*inlconjuhction-with sir. J. R. Dacey. The writer
wishes to express his sincere thanks for the helpful

Collaboration during a very pleasant association,.

Compressional Experiments upon the

One Component System Ethylene

-

In many previous reports from this laboratory, the
existence of a persistent heterogeneity of deusity has oeen
recorded in one component systems at and aoove-the;crltlcal
temferaﬁure as defined by that temperature at which the
meniscus disappears, (¥/).

This heterogeneity was found to oe destroyed by

"molecular stirring", bgnexpansion aga compression to the
proper density values, by temperature.fluctuations, and by
héating to tempseratures ﬁell above ﬁhe critical. Ug until
now, nd method of reversing this punenomenon, that is,
refofming & heterogeneous system from & homogeneous.;ne,
except by & condensation below the critical temperaturs, has

been found successful A method of groducing a hete:cfeneous

Fow i/ B '?:f"j‘;"':""‘*‘ég"’:

systam above the critical temyerature has peen found, in
applying preesure to the lower portion of the wedium in the
tube, by application of a temperaturs gradient along the bomb.

The experimental arrangemeat used for the

investigations has already been described. Two samples orl

M’T"’\\
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pure eth&lene were used, an average density of .1994 gm/cc.

was éfaai§§)in the first filling, and a higher average

A —
density of .2166 gmjcc in the second. A deusity temperature
curve was taken for each filling, and used as a refereance
curve to which to relate ‘the densities obtained subseyuent %o
the various manipulations. In maeking a density measurement
of the‘effect'of compression, the top of the vomv was heated,
then the whole vomb cooled to the temperature of the thermo-
stat. Time density readings were taken until the deusity
became coustant., All compressional data were obtained upon
systems which were origiually in a state represented by curve
B in the diagrams (Figures 1l and 12). The results were in
excellent aygreeument, and may well bs summarig;d before
discussing the individual experiments.

(1) Avove the critical temperature, compression of a
homogeneous system recreates heterogeneity

(2) Below the temperature of reappearance of the meniscus,
a less dense form of ligyuid, which appears on coundensation, is
changed into & denser form, and its amount is increased by
the compression. .

(3) Just above the temperature of reappearance of a
meniscus, i.e., .03%3°C. higher, condensation is brought about,
end a liguid separates subseguent %0 compression.

(4) The rate of re-establishment of uniform temperature

along the length of the bomb, after application of the

pressure gradient, determines the amount of density increase;
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that is, avove the critical temperature, ueterogeneity
persists only after a slow removal of the pressure gradient,
while below the critical temperature, the amount of the
density increase is enlarged by slow return to uniform
conditions.

(5) The amount of hetsrogeneity which is reformed on
compression aprears o be iudependent of the magnitude Qf
the tgmperature gradient, and the length of time during
which it i;kapplied. This is the case with pure ethylens,
but & study of an air-ethylene mixture showed a definite
increase with time.

(6) The branching of the density tempserature curves for
various mass voluue :atioa‘occurs for mean densities below
.200 gmfcc. at some temperature oelow 9 00°C. For this reason,
compression of the reformed liquid of the first sample (mean
‘density .1994 gm/cc.) could create & liguid of a higher density
than the original liquid. This could not be done with the
sample of higher mean density (.2166 gm/cc.).

(7) Many of the experiﬁents were repeated, and the re-
created heterogeneity was found to be exactly reproduced,

(8) One experiment was performed in order to show that
the h;terogeneity did not tend to disapiear. Density readings
subgequent to compression vecame counstant after about thirty
minutes. In .this particular case, observations were made for
an hour and three quarters after the density had become

constant. No change could be detected during this period.
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The density data for these experiments has been
compiled in théufollowing.tables. Table XII gives the results
-fo# theksamplee.of mean densities ,199k4 gmfce. and .2166 gu/ce.
above the critical temperatu?e. Meaauﬁéments followed by a
“f“ were made by”compreSSing the medium by means of the water
-jacket. The»dthpr'gqmpr;asions were made without the jacket,
by lowering tﬁe“slid;ﬁg'thermostat.until somawhat over a third
of the bonmb wa$-expoéed to thalqir at room temperature. After
. such compression the sliding thermostat was raised, and the
bomo again completely submerged.

The interpretation of these results is difficult.

For convenience the experiments have been divided into the
three c;tegoriés, (1) compression above the clasasical critical
t emperature, (2) compression below the critical and avove the
temp erature of condensation, and (3) compression of reformed
ligquid.

For reasons that will be given fully in the next
section, all ethylene systems between the msan densities of
.230 gmfcc. and 214 gm/cc., at temperatures as high as 9.70°C.,
and wonether represented by pointe along curve 4 or curve B of a
typical isochore, must be considered to be two-phase systems.
In the case of the macroscopically heterogeneous system, the
major portion of the liguid phase is considered to be ia the
lower part of the tube. In the systems represented by curve B,
the liquid phase is considered to be dispersed throughout the

system, somewhat in the form of an emulsion of liquid and vapor.
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Any explanation offered for the above experiments must take
into account this background. Moreover, the compressibility of
the system as & whole, although perhaps not for each phase

separately, is infinite.

TABLE XII - Part 1

Density temperature reference curve

Mean density .1994 gm/cc.

T emp erature_ °C. Density gmjce.
.00 . 2658
g.50 . 2554
9.00 -2385
9.17 .2263
9. 37 . 2158
9.57 | .2085
9.87 .2036
10. b7 .2010

10.97 199 4
11.27 L1994
9:95 - 1994
9.50 L1994
9. %0 L1997

8. 50 . 2543
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TABLE XII - Part 1

(continued)

Density temperature reference curve,

Mean density .2166 gm/ce.

h”iemEerature °C, Density gmjcc.
.00 . 2665
g. 60 .2554
g.80 .2495
9:00 . 2445
9.10 2416
9.30 L2327
9.50 2277
.0.00 .2206
11.50 .2166
9.50 .2166
9.4 .2169
9. 30 . 2200
9.10 -2331
9.00 2395
8. 80 2476
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TABLE XII - Part 2

Summary of results of comprsesion above
" the ceritical temperaturé.
Average density .1994 gm/cc.

Duration of

Temperature °C. -Densitg_gm]cg. Compression
9.50 .édéo ————- i
9.50 . 2060 30 ‘mins. T
9.50 . 2060 5 D
9.50 (1994 0 B
9. 60 2048 5 T
9. 60 .2048 5 on T
9.70 .2030  aeeaa T
9.70 1994 10 mins. -

TABLE XII - Part 3

Summary of results of compression above
the critical temperature.

Average density .2166 gm/cc.

Duration of
Temperature °C. Density gmjcc. compression

9.70 .2220 7 mins. T

9.50 . 2230 7 " T
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TABLE XIII

funmary of results or compression velow the critical temper-
aturé and above temperature of reaypearance of meniascus.

Average density .1994 gm/cc.

Part. 1l
_ ‘ Duration of
Temperature °C. Density gmjcc. Compression
9. 40 2074 10 mins. T
9.30 .2081 10 S
9.20% 2217 .10 ™ i
Meniscus reforms, subseqﬁent to
compreasion.
Pars_2
Average density .2166 gm/cc.
9. 30 .2270 10 mias. T
9.20% 2314 10 ™ T

*Meniscus reforms, subseguent to
compression.
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Turning to the data of the first division, two
distinct features are at once apparent. Compresslon by means
of the water J&ert causes a reforming of a heterogeneous
eqstem; while cbmpreSSEEh with the top exposed does not. This
eanhot be ezpleined away by supposing the continuance of a
temperature gradientewhen the jacket is in position, because
of‘ﬁﬁe;care taken to evoid tHishpogsibiiiﬁy in the experimental
arrangement. The feriance must therefore be due t0 the
d;fferenee ;ﬁrraﬁe ef re-establishment of pressurse unifOrmity.
if,a reformation‘of‘mere;liquid has taken place, and any °.
expansion destroys this liguid, a poesiBle explanation has
been offered. ;The writer, however; is uncertain as to the
effect of such expansion. The work:doﬂé'bi*éeddes upon the
eféecélof expaension was of this nature. A heterogeneous
eystem was obteined, and allowed %o eipaﬁd. The measured
density‘eventﬁail&:beceme equal to the density of a known
homoéeneous syeﬁem at the same temperature. This, however, did
#e; occur until the true "vapor" region of densities had been
feaehed; |
T This t&pe'eEAeXPansion does not seem comparable %o
that occuring'ihithe experiment under discussion. The best
;xplanaeion-which ghe writer can bffer is that, under the
conditions of very great density caused by the compression,

additional liqula is formed and tends to settle to the bottom

ef the tube. If the subsequent expansion is slow, it is not

entlrely redlatributed and a heterogeneity persists. On
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rapid‘expansion the heterogeneity is again destroyed. On the
other‘hand, the great compregsibility may permit the

formation of a large aensity gradient which, on slow expansion,
persists to a measurable exteut oecause of the small
résiliency of the system.,

As the temperature is lowered below the critical,
conditions suitaole to the spoutaneous reformation of
additional liquid are more nearly ap.roaciied. At g,20°C.,
conditions are such that comé;ession can cause large enough
numbers of liguid molgcules to group togatnef for settlings
out to be possiovle, and coudeéensation occurs.

The liquid whick condenses out spontaneously at
9.17°C. is of a differeut nature than the visible liguid that
was preseunt at 9.17°C. on the original heating cﬁ%ve, if the
density measuremsnt is truly of the liquid phase alone.

Compression changes the cuaracteristic density and
the amount of liguid as Table XIV shows. There are two

possibie explanations for this behaviour. The Trirst does not

Jiisé the existence of various forms of liguid, with a
frozeu equilibrium between Fhe forms. It merely assumes that
below the temperature of condensation, a dispersion of vapor

in the liquid causes & decrease in the apparent deunsity. Upon
compression, vapor groups in the liguid are largely transformed
io ligquid. In addition, liyuid which is still dispersed in

the vapor phase rains out, and voth the density and the amount

of the liqpid is increased. This explanation is concordant
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TABLE X1V - Part 1

Sumwary of results of compression below the
temperature of meniscus reappearance.

Mean density .1994 gm{fcec.

Duration of

femperature °C. Dengity Compression
9.10 .2335 5 mins.
9.10 2335  —m-e-
9.00 | 2426 0000 eeea-
9.00 2391 e
g.80 2472 eeea-
8.50 2564  eeme-

Mean density .2166 gm/cc.

- 9.00 24060 e-me-
g.80 2492 meme-
§.80 L2486 -



Tempi

°C.

g.50
.80
g 00

910

8.80

' DABLE.XI¥ - Part 2 .

Compressional Experiments

Mean density 1994 gm/cc

Densivy | |
af ter Deénsity Density Meniscus Meniscus
Compression EEEZBA CurvSE- _SgizeA ! Gurvgi
. 2564 2554 2543 20.8 20.3
2472 2466 -——- 21.1 19.7
02426 02385 - oo 2103‘ . l809‘

2330 ——— 21. 4 18.0
Mean density .2166 gm/ce

. 2ke6 . 2495 2476 deae 26. 3

Meniscus
after
Compression

20.8
20.8
20.7
20.7.

27.0
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with the phase rule, which does not permit @g/;he existence of
two 1iqﬁid phases of different densities at the same tew-
pe?ature and pressure. Moreover, the lower density of the
liguid phase at 9.00°C. on heating up for the f£illing of mean
density .14 gm/cc.f”compared to the coanstaricy of liguid
denéity at this temperature for fillings of higher average
densities (see Table I), is explained by the greater amwount

of penetration of vapor into the liuuid phase. Cowpression

of the refg;med liguid at thais low average density at 9.00¢°C.
on the curve B causes &u iucrease iu density above that of

the original heating curve, but never in excess oflthe

dansity .245 gmfec. whick is ciaracteristic of the fillings

of higher mean density. This can be explained by the
agssumption that at the low mean density under discussion, the
mechanism of compression does nct permit as great an artificiel
density to be developed, and sowe of the vapor isrleft in the
»liquid unchanged, with a consequent lower liguid density even
after compression.

The alteruncte explanation which may be pgut forward
is that there are two types of liguid possible, one highly
orientated, and one with much less orientation, which we
ahall call liguid "A" gnd liquid "B" resyectively. On heat-
ing at constant volume, liguid TAV isg gradnally destroyed

ﬁngiivat 10.5°C, a true gas sysiea is formed. On cooling
down, liguid "B" is formed, and the two -phase character of

the system is again apparent. At g.17°C. liguid "B"
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condenses out. Compression of liguid "B" causes & recon-
version to liquid "A™, This explanatiown involves the
ddditional assumption of an eyuiliorium obetween the two types
of liquid, which is not aufficientlyfmobile;fof the ethylene
to act as a one component system. The firsf explanation 1is
therefore preferred, particularly since surface tension
measurementa~in this region upon other substances, made by
Winkler and Maass (qf), show & very real possivility of
dispersed vapor-liquid systems appearing to be staole
equilibrium systems.

Compressional experiments performed upon an air-
ethylene mixture which was subjected to "molecular stirring",
shows the same sort of behaviour. The results are given in
Table XV and shown ia Figure 13.

The only difierence which was observed between the
behaviour of ethylene alone, anu air-ethylene mixtures after
"molecular stirring", after these systems had been subjected
to a compression, was that the amount of recreatea
heterogeneity was independent of time of compression in the
firet case, but was increased in the second case with
increasing time.

An pgir-cthylene system at 9.50°C., which has been
subjected to Mmolecular stirring", is cousidered to be
macroscopically homogeneous, but to have present both liguid

and vapor ethylene, while the air is now no longer concen-

trated in the upper section of the bomb, but is distributed
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TABLE XV -« Part 1

Air-Ethylene Mixture
Density-ﬁemperature relation after standiug

at «-78°C, for 12 hours or longer-

Tewperature °C. Density gumj/cc.
8. 60 +2703
9.00 .2678
9.50 .26kk4

10.00 2604
11.00 . 2543
12.00 .2492
14,00 . 2405
17.00 . 23738
20.00 .2294
17.00 2324
15.00 .2365
12,50 2hl2
11.00 . 2530
9.50 . 2629
g. 60 . 2695

g.00 .2767
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TABLE XV - Part 2

Compression of Air-E%ﬁylene Mixture

Mean deunsity = .2108 gm/cc.

Density before Density after
Temperature °C. compression compression
9.50 . 2189 2214 10 wins.
8. 80 | . 2557 . 2570 10
9.50 . 2189 . 2254 60

12.00 .2108 .2121 io
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evenly throughout. The system, then, is similar to pure
ethylene on curve B, but has air dispersed or dissolved in
it. The incredse of heterogeneity with compressional time
may be explained in either of two ways. The dilutidn
daused by the air may slow down the formation of the liguid;
or second, the effect of the air upon the surface tension
is such as to decrease tue tendency of liyuid formetion.
Since the proportion'of-air is smali,'i;e., iess
than 1.5%} the effect of dilution ahoul&’be very swmall.
Aﬁpérenti§; then, the second possibility is more reasonable,
a conclusion which is supported by the evidence that the
temperature of meniscus reap,earance is apyreciably altered.
At & concentration of .93% air, it hae already been pointed
out that condensation occurred at abouk 9.0°C:; which#is over
.10°C. lower than that for pure,ethyiene. I? the condensation
of a pure ethylene samﬁlé is caused by ﬁﬁe iizrease of the
liquid-vapor interfacial tension to a limiting value too
large for coﬁplete dispefsion to be possiblé,”it would appear
that the effect of air in an aif;ethylene sample must ove to
lower the inteffaciai tension qnite aypreciabiy. Thus, on
compression of such a system, the tendency for liguid to
form being gomewLnat réduced,'the heterogeneiﬁy created might

quite conceivably be influenced in amount by the time of

compression.
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Pressure Volume Isothermals of One Component

System Fthylense

The discovery, which was outlined above, of the
constancy of pressure of « heterogensous systew with
changing mass volume ratio, and the major discrepancy which
this experiment indicated pbetween the work of Geddes and the
writer, necessitated a vefy careful investigation of pressure
volume relations at constant temperature. By means of the
second form of apparatus already descrioed, very preciae
measurements of these relations have been obtained vetween
8.92°C. and 10.00°C. The results have led to & much clearer
understanding of the phenomena already ovserved in the
critical region, and are of particular value as tests of
certain predictions of Wayer and Harrison (52). The
experimental results will first ve completely presented, and

then their interpretation with respect to experimental

?&\‘“fffEEEEEEEEEDOf this and other workers. Direct comparison

between experimental result aud predictions of Mayer and
Harrison will then be madse.
Summarising, the eéxperimental results show
clearly:
(1) Pressure isothermals above and below the temperature
of disappearance of the meniscus showed resgions of density

wherein (f;g) = 0. This region could no longer be observed
Vi '
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upon the isothermal at 10.00°C.

(2) The complete envelope of this region above Tc has
been determined.

(3) The isothermal at 9.60°C. wae studied and found to
be the equilibrium curve at this temperature. Moreover, a
hysteresis was observed oun reversing the direction of measure-
went, i,e.,, from "vapor" to compressed “liquid“. This
hysteresis was found to be caused by the time lags which are
observed iu passiug Irow the Yvapor" region of an isothermal to
regions of high density. |

(4): The pressure of heterogenseous systems whose mean
density is represented by & point within this envelops,
Corresponds exactly to the pressure of the horizontal portion
of the macroscopically homogeneous isothermal.

| (5) The pressure of such heterogensous systems is thus
seen to be independent of mass volume ratio within such
limits of density.

(6) The pressure of such heterogensous systews was
found to correspond exactly to the pressure of the
homogeneous system obtained by heating at constant volume
to 10.5°C. or higher and cooling to the temperature at which
the pressure of the heterogeneous systew was weasured.

(7) The region of temperature and density throughout
which the homogéneous systéms and heterogeneous systems have

identical pressures was found to correspound to the envelope

of the region for which (ds, T:. Q.
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(8) & discrepancy between the value of the pressure at
9.50°C. obtained oy Geddes and by the autior was discovered.
Moreover, the pfessure temperature curves of Geddes varied,
irrespective of temperature above 9.29C., with mass voluwe ratio
a.bghaviour which was not found to be duplicated by the author.
The pressure tewperature curves here given were iidependent
of mass volume ratio, so long as the mean density of the system
la;:' within the envelope of the region for which (%—%) = 0.

(9) The pressure temperature curves were found 20 be-
reversible.

The experimental isotherwals are given in Tabl; XV1
end represented in Figure 14, The eavelope of the region
where in {;%)T = 0 is also shown ana should represent the
true form of density temperature curve. This density temper-
atnre'curve does not coincide with tiat deterxmined by Naldrett,
in the opinion of the auvhor, because of efrects dus to
dispersion by shaking iua the lafter cwse. This poiut is wore
fully discussed later. For the momeunt it is sufficient to
point out thet ia this region ({;%)T = 0, and the system
ethylene therefore behaves as &« true two-phase system although

above the classical critical temperature. Since the deduction

of the existence of a two-phase system from the observation of
a reglon wherein (%}%)T = Q0 1is open to the objection thet a
one~phase system, if the compressibility is great enough, may
simulate the behaviour of a two-phase system, and since the

compressibility of liguids near the critical point is admittedly
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TABLE XVI

Pressure-Volume-Temperature Relations of Ethylene

Isothermal at 8.92°C.

Amount of
Bxp. Vol. Ethylene fgu. Specific Vol. Press. Atm,

2.532 716 3.563 49.92
2.587 . 716 3.61% 45.73%
2.672 . 716 3.731 49 .54
2.89% .716 . 040 49 .45
3,271 .716 4.568 L. 45
3.681 <716 5.141 49 . 46

.303 .716 6.009 49 . 38
4. 317 716 6.029 49. 34

Isothermal at 9.229°C,

2.550 .716 3. 617 50.18
2.613 716 3. 649 50.06
2.655 <716 3,708 49.96
2,715 .716 3.791 49.87
2.794 .716 3,902 49.83
2. 830 716 3.952 49.80
2.970 716 L.1ke 49-75
3,284 716 4. 586 49.75
3,666 . 716 5.120 45.73
3,876 716 5. 410 49.72
4.006 <716 5e 594 43 . 68
L.174% .716 5.831 49 . 65
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.710
« 135
.8738
.950
176
® 300
« 550
.723
.910
<104

. 705
.722
. 762
- 789
. 829
.508
.970
- 235

. 455
. 624
-857
« 197

TABLE XVI - (coantinued)
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Isothermal at y.42°0.

Isothermal at 9.50°C.

. 716
.716
.712
.71
.71%
.71
.712
.71
.712
.71
. 716
.716

Specific Vol.

770
. 819
.563
.iao
«437
. 609
. 958
. 199
TR

. 731

(SRS AN RN o —gi g =g GAL WL R O

3. 777
3.801
3857
3.895
3.351

047
4,148
4.519
4.826
5.061
5.386
5.861

Press.

Atm,

.26
- 15
.06
.02

.99
.99
97
.4
.90
.8H

« 4l
<34
24
.21
.19
<14
.12
.08
.07
.05
.98
.92
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TABLE XVI - (continued)

Isothermal at 9, 60°C.

Amount of

Exp. Vol. Ethylens Specific Vol. Pressure
2. 695 <716 3.763 50,52
2.713 . 716 3.775 50.45
2.756 . 716 3, 849 50.34
2.854 .716 3.986 50.27
3.135 716 b.378 50. 18
3. 360 <716 4.692 50.17
3.512 .716 4,891 50.15
3.607 . 716 5.037 50. 14
3. 710 .716 5.181 50.13
3.859 . 716 5. 389 50.09
4,020 .716 5. 614 50.05

Isotherwal at 9.70°C.

2.827% .722 3,909 50. 42
2.884 . 722 3.994 50. 35
2.953% .722 4.090 50. 30
3. 109 .722 4.306 50.28
3,187 .722 o b1y 50.28
3. 318 .722 L. 605 50.27
. 3. 414 .722 4.729 50.25
~ 3.640 .722 5.041 50.22
. 885 .722 5. 381 50. 18
E.oou .722 5. 546 50.17
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TABLE XVI - (continued)

Isothermal at 9.80°C,

Exp. Vol. Amt, of CoHy Specific Vol. Pressure
2.761 .722 3. 824 50. 65
2.776 .722 3. 84k 50. 61
2.808 .722 3. 889 50.56
2.863 .722 © 3,965 50.50
2.902 . 722 L.019 BuU. 47
2.954% 722 4.091 50. kb
3.025 .722 4.189 50. 42
3. 066 . 722 4. 246 50. 40
3,108 .722 4. 304 50. 39
3.197 .722 4,429 50.39
3.262 .722 4.518 50.38
3. 328 .722 4, 609 50. 37
3. 464 722 4.792 50. 34
3.635 .722 5.030 50. 32

Isothermal at $.90°C,

2. 770 .722 3,837 50. TH
2.807 .722 3.890 50.69
2.854 . 722 3.953% 50.65
2.923% . 722 4,048 50.60
2.961 .722 4.101 50.57
3.030 . 722 4.197 50.54
3.072 . 722 4,255 50.52
3.132 . 722 u.a3s 50.51
3,224 .722 4. 466 50.50
3. 302 . 722 L.574 50. 48
3.512 .722 4.864 50. 45
3.737 .72 5.178 50. 42
Isothermal at 10.00°C.
2. 820 .722 3.505 50.79
2.913% .722 4,03k /50.72
3. 005 .722 4.162 50.67
3.045 .722 4,217 0. 66
3.083 . 722 4.270 50. 64
3.155 .722 4, 370 50.63
3.2136 .J22 4. kg2 50. 61
3. 396 . 722 4.703 50.57
3,750 .722 5.194 50.51
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enormous, the direction of measurement along the isothermal
at 9.60°C, was reversed. That is, when the substance had been
expanded to the last éoiﬁt-on the is;thegmal, the pressure
was incrégsed. As soon as”temperature eglilibrium had besen
established, the pressure was malutained coustaut for 10
minutes. By'following this procedurs the’upper cﬁfve of
Figure 15 was covtained. (The volumes here havé not been
converted to specific volumes) See Tavle XVII. This showed
the compressioility of the system to ve depeundent upon its
previous history. That the points of tue lower curve are 0ot
dependént upon the previous conditiou of the system, provided
only fhat expansion ianto the true "gasscous" region-has not
occﬁr§ed, was shown Dy repeating & poiunt upon the flat
portion several days later, simply oy adjusting the pressure
directly to the desired valuc. Exﬁénsion &irectly to this
poiﬁt from the high density regio.. took place, and no change
was remarked after 15 minutes. The pressure was then
adjusted in order. to repeat the last "vapor" point shown upon
the diagram. Thié‘point was also exactly reproduced, and the
system showed no teudency to undergo change.

The question as to whether the pressure on the
higher curve would fall spontaneously to the value of the
lower curve was then iluvestigated. After expansion to the
“gasedﬁé“ region of density the pressure on the system was
adjusted to give the triangular poiu.t on the uyper curve.

Woen this poiut had veen reached, tue volume was maintained
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TABLE XVII

Isothermal at 9. 60°C.
Expansion from "liguid" and compression

from "vapor?".

. Voluwe cc. Pressure Atmosyhere
Expansion
2.695 50.52
2.713 50. 45
2.756 50. 34
2.854 | 50.27
5-135 50. 18
3. 360 50. 17
3.512 50. 15
3. 607 50. 1k
3. 710 50.13
3.859 50.09
4.020 Cows ression 50.05
Thermal egquilioriuw only
4. 000 established. 50. 10
3.958 | 50 16
3.903 5G.- 20
3.782 5U.23
3. 586 50. 29
3. 148 50.34
2.858 50. 36

2.753 50. 42
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a8 constant as possible, and & pressure time curve obtained.
It was found that the pressure fell gquite rapidly to the

value of the original curve, where it remained constant. The

difficulty of keeping the volume constant was very great, but

it waus maintained sufiiciently constant to show clearly the
true trend of the pressure wich time. The figures are given

below in Table XVIII.

TABLE XVIII

Exp. Vol. Temp. ©°C. Press. Atm. Time
3.59 9. 60 50. 28 0
3. 55 5.60 50.27 7
325 9. 60 50. 24 13
3.55 '9.60 50,22 20
3. 57 9.60 50.20 26
3.57 9.60 50.18 34
3. 57 9.60 50.18 40

Note: Zero time was taken at about 12 minutes

after the original pressure adjustment.
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Pressures oxf neterogeneous Systems at 9.519C., and

Homogeneous Systems Produced by Heating to 10,.5°C.,

and Subsequent Cooling to_ 9.51°C.

The qneétion of relative stability of the heating
and cooling curves of a typicael isochore, as measured by the
presi;:e of thefsystem, was then studied by measuring the
.preséire of the heating curve (curve A) and of the cooling
curve (curve B) at 9.51°C. The volume of the system was fixed
by freeging the mercury in the centre u-tube, at a value -of
the average density where a hetsrogensous system was known %o
exist from previous work. The sthylene temperature was then
fixed at 9.51°C., the mercury melted, and the pressure of the
system, which corresponds to & point on the heating curve of
an isochore, was determiced. The mé}cury was agein frozen,
the temperature raised to 11.5°C, where tue deusity of the
system has oeen showa to ve uniforw. After allowiag twenity
minutes for the mediuww to reach equilibrium, the temperature
was again lo%erea to 9.51°C , and the pressure determined.

Over the range of deusities studied the pressures
of curve & and curve B are ideuntical, and, morsover, are
independeut of mass volume ratlo. They agree, further, with

the préssure which the flat portion of an isothermal must

possess &t 9;51°C., frow the pressure temperature curve of

these horizontal regioas.
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TABLE XIX
Average Density PressurgA Pressure. Temperature °C.
- o
. 1950 50.08 50.08 9.51
. 2040 50.08 50.08 9.51
-2090 hi.08 50.08 9.51
.2173 5U.08 5G. 08 .51
.2287 5u. U8 50.08 9.51

Pressure of flai portion of uomogeueous isother-

dp

T for nhorizontal

mal at 3.50°C, is 50.07 atmospheres.

regions is 2Y.21 = 5V.07]
9.90 - 9.50

-:-% = 1.1 atwm/°C,

Range of deﬁsity of horizontal region of
isothermal at 9.50°C. is .231 gum/fcc. to .198 gu/cc.,

approximately.

From these experiments then, it is at once obvious
that,
(1) Pressurééof homogeunesous and heterogensous systems
are egual, and equal to pressure of flat portion of

homogeneous isothermal;

(2) Pressure of homogeneous a..d heterogeneous systvews
are ovth indeyendent of wass volume ratio over a large density

range.
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Thege facts indicate very definitely, that

(1) The heterogeneous and homogeneous systems of an
isochore are equally stable, and also have the saume
stability as the known homogeneous and stable system of the
isotherm at the same téﬁperature;

(2) The cooling curve B of an isochore cannot be any
longer considered to represent a true gas systém, as was
believed up to the conclusion of this experiment, for such
a system would have a pressure independent of volume over a
wide range. This homogenseous system, like those present in
the region wherein (£?%>T= Q on an isotherm, must be a two-
phase system.

Further evidence which has largely claf}fied the
phenomena of the cfitical region was then(§§§333i§§§>with a
new sample of ethylense and & new experimental assembly which
ﬁﬁ?% necessitated by an explosion.

The four isothermals at the higher temperatures were
determined with this new assembly. The reproducibility of the
data is:shown by the excelleut coutiguity of the curveg}é%?ggfﬂwwa
was shown to be real and not accidental by repeating the
isothermal at 9.22°C, The agreement was exact

Pressure~temperature curves at constant volume were
determined for three different mean densities, both on
heating and cooling.

The data are given in Table XX.

The purpose of these experiments was two-fold.
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A disagresement iﬁ the value of the critical pressure of
ethylene, as measured by Geddes, and that observed by the
author, had been found. Geddes (00) reported two values of
the pressure at 9.50°C., of 49.98 and 50.01 atmospheres at
the average densities of .2056 gm/cc. and .2302 gm/cc. res-
pectively. The present observations, which have beexn’checked
by two samples_;n two different assemblies, give & critical
pressure of 50-.07 atmospheres over a density range of .198 gum/cc.
to .231 gumjce. The independence of pressure with volume had
therefore to be more firmly established.

Secondly, although the agreement in pressure
between curve A and curve B of an isochore had been established
at 9.532C., it was considered possible that a disparity might
appear at tempeéatures either above or below this point.

Compaging ﬁﬁe date of Table XX with tﬁe isothermals
of Figure 14, we see first that

(1) 8o long as the mean density and temperature of the
system are such as to be represented by a point within the
shaded area, the pressure of the system 1s independent of the
mass-volume ratio;

(2) this pressure corresponds to the pressurse of the
flat region of the isothermal at the same temperature, and
thus all three systems, either represented by a point on
curve A or curvé B of an isochore, or by a point on the
horizontal region of an isothermal, are equall§ stabié, and

since the isothermals have been shown to represent



TABLE XX

Pressure Measurements of Heterogeneous Systems

Pressure Atm. Pressure Atm. Pressure Atm.
Temp. ©C. density = density = dengity = Preassure of
Heating . 2046 gmjcc. .2109 gmjce, 2270 gmfcc. © Isothermals
9.00 43.50 49.51 49.50
9.20 49. T4 49.75 H9. Th 49. 74
9.50 50.06 50.07 50.66 50.07
9.80 50. 38 50.39 50. %0 50. 39
10. 50 51.13 51.15 51,22 Limit of
11.00 51. 66 51, 69 51.84 £lat
Cooling portion of
10.50 51, 12 51. 15 51,22 isothermal
9,30' 50. 39 50. 40 corresponding
9.50 50. 06 50.07 50.06 fo limit of
9.20 49. T4 49. 75 49. Tk (é;%)m =0

9.00 49.50 49.51 49 .50 at 10.00°

-‘gL-



-79-

qui%ibniﬁm systemﬁ, the other systems must also be truly
stable a&étems;

- (3) once the temperature has been attained at which
the mean density.;ieﬁﬁqpyside the shaded region, the pressure
does become a fﬁncﬁion of the volume. Thus, at 9.80°C., the
pressure shows an increase with greater density. The change
of,fﬁg;atmOSPhe;e which is shown is believed not to be

éxperimental error because, at 10.50°C., the differences in

-
PRy

the trend is concofdant7in ail three cases. Therefore, the
recoried differences at 9.80°C are believed to be sgénificant,
while below this temperature the .Ol'at@osphere différences
mﬁ;t Se attributed to egperimenta;,error;

(k) the p?essure temp erature curves ars reversible.
This ié most'significanw;~for it ahgﬁs ¢learly that on cooling
down the two phases are reformed, as shown by the iandependence
of pressure and mass-volumé ratio, although no separation of
phases or measurement of density discontinuity is poasiblé
until well below the critical temperaturs.

It is for this reason that in discussing the
hysteresis effect at constant volume the dispersion or
emulsion of gas in liquid and ligquid in gas Was emphasized.

A comparison of predictions bf Mayer and Harrison

and the experimental results of the .author will now be made.
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Predictions of Mayer and Harrigon and

.Poggérison with Experiment

Mayer and Harrison as alrea&y pointed out, have (2:;

made calculations o
behaviour of a oneigompghenéisystem‘iﬁ?tﬂé critical temperature-
ériticaibéiégéure regidn; Figure:iévshowa g'regfoduction of
{%;356 ; of yﬁeﬁr‘paper, page 101 of +the J;ﬁrﬁ;l'df Chemical
3hys§g§, Vq%{.é, Febgpgqy‘}33s. They describe this diagram
~aa~follow§;; "Pressure is plotted as a function qf volume at
various temperatures: the heavy solid lines. The curveé at

two characteristic temperatures ﬁm ang»Tc are eSpeqially

marked. The shaded area enveloped by the dashed line 1is the
region in which the lines are horizontal, that is, where

(&;%)_= 01—_The right hand boundarxgvf ia\the_volume of the
condensed phase. The dotted lines inside the shaded area
represent the extrapolated pressure of the supersaturated

vapor. The dot-dash i;ne on the left hand side of the shaded
area at T zep:esepta - diadontinuous transition‘in?the

properties of the condensed;phase.

The part of the dlagram to the right of V was
deduced strictly from their work. FTheiEogﬁlqp_to{phqvlggy.of
Vo .and below Te rqPresents & 1ogica1 guess from the nature of
the kinetlc picture deduced f rom thaee equationa“

Comparing this disgram to that of the experimental

isothermals of Figure 1, we note & startling similarity as



1o gemeral character. The continuance of the region above
-Tin wherein %%)T # 0 1is completely verified by expsriment.
the suggested symmetry of this region about Vc is, however,
-not apparént. The experimental isotherms show a nearly
perpendicular boundary for Vf, while V_ slopes very noticeably
toward the higher densities as the temperature is raised.

A se?ond«difference between prediction and behaviocur
arises from-th; statement of Mayer and Harrison that, "below

T

T compression of the systém through the volume region, .

between V, and V will be accompanied by the separation of

20
two distinct phases of density fi— and F%—' The
microscopic density corresponding %o a volume between vs and
Vf.is unstable., This is indicated on the diagram by the
dotted lines showing the higher pressure of the super-
saturated vapor. As is well known, this phenomenon is
essociated with the fact that the surface tension increases the
vapor pressure of very small drbplets of liguid.

"Between Tm and Tc’ however, the denser phase has no
surface tension, and corresponding to this, the lsothermals
pase smoothly through the condensing region, allowing no
extrapolation to a higher pressure for the supersaturated
vapor. Indeed, all microscopic densities in the shaded region
between T and T, will correspond to the same pressure (at the
game temperature) and to the same Gibbs' free energy. Com-

preselon of the system at constant temperature T, with ~

P T T,, will be accompanied by a uniform increase in density



thrﬂusﬁoutfthe whole system, the pressure remaining unchanged

between Va and Vf".

Reversal of the direction of measurement upon the

isothermal at 9.60°C. does not coincide with this picture A
pronounced hysteresis has been observed, although more than
sufficient time,for temperature equilibrium to be established
é@%ﬁ;;;;igﬁgﬁlgﬁrning to the diagram of this isothermal,
Figure 15, we sée that even in the "vapor" region.of the
isothermal, where any evidence of a second phase,with or without
ﬂurfacé tengion, is missiong, it is obvious that a decided time
lag is involved in producing a change to higher density. mSuch
& time lag points strongly to the existence of some sort of
structure or association of the molecular species under these
conditions of temperature and density. It is for this reason,
and because of the large amount of evidence accumulated by
Geddes upon time lagg, that the concept due to Maass of the
existence of a regional OTiGnt&ﬁiOQﬁi&g&iﬁﬂﬁwgggglggdbhmm*\

A great deal of the evidence already given in this
thesis is very simply and clearly explained by the assumption
of a two-phase system, either without a surface tension for
the denser phase, .or with that phase possessing such & small
surface tension that emulsification of the two phases is
possible, and that such emulsions exist for very extended
periods of time, The retentlon of this theory,with the
elaboration that the denser or both phases are subject to

var lous degrees of orientation, is far from impossible as the
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ideas are by no means contradictory.

A disc:epancy in the observed pemperature of
reappearance of the meniscus between Geddesj§nd the present
‘author, i.e. 913#56; in the firstﬂp&aée, and_9.1f°C.tin the

{gtter, may perhaps also be explained by a staﬁement of Mayer
Qnd Harrison. "Cooling offsuch a aysteﬁ“, tha; is a systfm

between Vs and.vf,and above T , %ghould be expected to rééult

m
in the formation of & meniscus at some temperature lower than

Tm, & typical super-cooling effect. The extent of the super-

cooling would be expected to be greater, the further the

densities in various parts of the system were from the values

fm ! -

uniform density —%—, approximately midway between“;-— and
) c fw

—i—, would be expected to show the greatest super-cooling."

Vam ;

Investigation of this and other points with resgect to time

corresponding to the volume V and VSm at Tm. A system with

lags is being continued by ir J. R. Dacey-

Vapor Pressure of Ethylene between

8,92°C. and 9.,90°C.

The isothermals of ethylene given above have been
used to determine the vapor pressure curve of ethylene in the
cri;icai regién./'The values are given in Table XXI, and
represented in Figure }77 The pressure for any temperature

was taken as the averageé of the pressures of the determinations

K P
made in the region for which (‘g‘f) = 0 Although pressures
7 .

are given in Table XVI . to .0l atmosphere only, the average of
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the pressure readings should be somewhat better than this

value, and the last figure of the pressure in Table XXI has
- (e v

been included for this reason, althoughapome doubt of its

significance, ie—held. As is %o be expectsq@ over su’ch_,aw—-dg7

narrow range of temperature, the vapor pressure as a function

of temperature is excellently represented by a straight line.

TABLE XXI.

Vapor Pressure of Ethylene

Temperature Average Pressure
g.92 4g. 454
9.22 H9 . Thy
9.42 h9.983
9.50 50.066

9.60 50 16¢
9.70 50 27
9.80 50.38
9.90 50 51,

From Figure 17 {;%.= 53:3?2 : :%ézgo atm [°C

-

= 22150 g¢m/oC. = 1.13_atm/°C
t 1.015 3
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Heat of Vaporization of Ethylene

ig the Critical Region

The letent heat of vaporization may be calculated

from the Clausius-Clapeyron egquation

p dp . N

dar
S P
where
)\ signifies the latent heat of vaporization
v u " volume of the saturated vapor

v 1 n n n n " n l iquid ,‘iﬁ‘“s’i

énd the ofher symbols have their usual significance.

| The value of %ﬁ% was eveluated graphically from
fﬁé figures of Table XXI, while the specific volumes of the
saturated liquid and vapor were evaluated from the saturation
curve of Figure l4. The values chosen for Vy, V, etc. are
given with the calculated values of)\ in Table XXIIi

A plot of latent heat against temperature is

given in Figure 18 It is seen that .the latent heat does
not reach a zero value at the classical critical temperature,

but at 9.9 °C., that is .4°C higher.

-
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5.176
4.896
4.800
L. 688
4. 596
4. 520
4. 400

4. 000

L.o72:

4,224
4.256
4.256
4,256
4. 280
4, 400

282,
282,
28z,
282.
282,
282.
2813,
283,

TABLE XXII:

-8 6=

- C W 0~ o I

ae
dr

cal [gu.

11,19
€.53
5.20
4.21
3. 34
2. 63
1.86

V,=-V

1.448
1.104
.672
«5hb

. 340
. 240



Pressure in

14 16 18 20
Temperature, °C.

£s3 d fre -
res—I, 0.290; 2, 0.2 3, 0.262;

;9,0.148 gm. per cc. Shaded circles denote
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Pressure-Temperature Curves

‘turoughout the Critical Region and the

Formula of Mills

In addition to the vapor pressure curve of ethylene
giv;n in Figure 17, the pressure temperature curves for nine
different 1;oc§ores are given in Figure 19. These curves were
evaluated from the isobars of Geddes and Maass (BVf; aﬂd‘are”
all exdellent straight lines. The absolute densities of these
curves have been corrected to correspond to tﬁé“abbgihﬁehﬂen-
8ity values oﬁtainedhby'the suthor, and which are believed
more nearly correct.

Since the pressure temperature curves are st}aight
Iides, it follows that equations of state, such as Van der Weals!,.
aré valid in this region. BecauseQBf this fact, an est imation

of the internal pressure "_& " was made from the squation

. v2
Information as to the changes in "a®" itself throughout
this region was desired, in the hope that an indication of
progressive orientation or cluster formation would be revealed.
Noi such information wes obtained, however, and the figures are
not included in order to save space. The slope of the “critical"

isochore has been used to test Millse' formula (58) , which 1is

that | ,(g%)vc _ 2

H

<

‘ Y

where B”agg its usuval éignificance,;and Ve ie the classical

eritical volume.
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The caloulated valuse of. %I-‘ for ethylene is 1.26 atm/°C.
| c
while the corrected experimental value gives 1,21 atm[°C.

The Effect of Mechanical Stirring

on -the Heterogeneous System at 9.51°C.

In the design of apparatus used in this investigation
it was possible:to include a magnetic stirring@argangement in
the ethylene side of the s&stem. This was done in order to
see if mechanical stirring, which has been emphasized as
necessary in criticisms of work done in this laboratory, would
-affect the phenomene which are observed.

A heterogeneous systew was therefore obtained at
“9.5140., and its pressure recorded. This system was then
violently stirred by movement of the magnet up and down the
length of the tube for a period of twenty seconds. Several
minutes were allowed to elapse, and the pressure again
observed. This treatment was repeated four .times, No changse
in pressure could be detectad. Although no mass movement of
material could be seen during the stirring, the stirring was
of euffigient violence to cause large visible transfers of
liquid short distances into the vapor phase when ‘the
.temperature'was bpelow the critical. Moreover, the fact that
the phenomena reported here, and which is similar to that
reported by previous workers, was observed in a tube which

contained no spiral, completely refutes the argument of

Ruedy'(ﬁﬁ» that the presence of a spiral acts as & det errent
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te the proper mixing and diffusing of the system, and is the

reason for the anomalous observations which have been made

in the eritical region.

Claims from the Isotherms of 002

by

A, Michels, B. Blaisse and C. Michels

-

Proc. Roy. Soe. 160, (1937) (59)

Since the completion of the work descrited above,

& paper upon the isotherms of carbon dioxi%g/ﬁ} A, Micheis,

S
B. Blaisse, and C. Michels has @een founy. The work is

directly comparable to that just described for ethylense. The
measurements of both pressure and temperature were extremely
precise. The results do not agree with those for ethylens
which have been tabulated above. (The temperature was con-
trolled to pbetter than .005°C., and pressure differences of
.001 atmosphere could be detected by means of a dead weight

gauge). No region wherein (8%) O was found above the
-~ T

"

critical temperatﬁ;e. The reason for this disagreement is

not q;ear,ﬂandigreat weight must be attached to the measure-
ments of these authors because of the precision of the

method and the great purity of the gas investigated. Thers
are, in addition to the possibility that a maximum sensitivity
of + .005 atmosphere, which is claimed for the present

investigation' of ethylene, is not sufficient to differentiate
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begygen a true two-~phase system and a very compressible one-
Pphase system, two posszb}e explanapions for the disagreement
The f;rstvia_ﬁhg care taken in experimentation by sichels and
his co-workers. For example, the isotherm at 25;07000 ,
nearly 6°C below the critical temperature where the system
should be & truly two-phase system, shows & gradual increase
of pressure of nearly .02 atwosphere in the reglon wherein
(?) = 0. On the other hand, certain of his isothermals
show a very constant pressure throughout this region. For
Anstance, the isotherm at 29.929°C} reveals a maximum
deviation,of only .006 atmosPhefe from the mean value of the
pressure th:oughout the range. No doubt greater care was
teken in determining the points as the critical temperature
ﬁaa approgched, and the degree of precision claimed was more
nearly attained.

The second possibility is that the two substances

' ool e fee
under study geing_df ferent, any geﬁeralization as to the

behaviour of liguid-gas systems as & whole is»pnjustified.
Moreover, as will be pointed out more clearly later,

the classicel critical temperature appears to depend upon

the point at which the surface tension drops to & value where

the phases become miscible in all proportions. In some cases

this temperature may actually coincide with that temperature

at which liquid, under 1ts own vapor pressuré, may bé unable

to exist. In such a case the temperature which is the upper

limit for (%—) m z8ro, will be the same as the
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temperature where the visible meniscus disappears. This might
well be the case for carbon dioxide, while for ethylene the
temp erature of complete miscibility is below that temperature
&t which liquid ceases to exist, and thus a persistence of
liquid above the critical temperature as normally defined is
qbservsd. In any case, no mention is made by Michels of -the
téﬂbérature at which the meniscus is seen to disappear in a
stationary bomb, which is after all, the Cagniard-La Tour
temperature which has aiways been identified in the classical
theory as the same temperature at which liguid can no logger
exist under its own vapor pressure. Michels determines his
critical temperature by extrapolating the minimum values of
(:}%)T for temperatures avove the critical back to the point
of iatersection with the temperature axis. This may or may
not be the critical temperature as defined,above.

The author feels, thenefore, that the data given avove
for ethyleune cannot De lightly dismissed, and the original
iqﬁqrpretation of these results is given in a followiung

section.
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The Co-eiiatence Line obtained from the Isothermals

aﬁd the Density-Temperature Curve

of Naldrett

‘The saturation line of liquid and vapor as obtained
from the envelope of the region of the isothermals wherein
(3-%) = 0 has “been plotted as a function of temperature in
Figuri 20 This curve should represent -the saturation or
golubility curve of liguid in vaporfand vapor in ligquid. The
isothermals have oeen shown to oe e?nilibrium curves, and
therefore the saturation curve must be the true representation
of liquid and vapor beh&viour throughout the critical region.
The foru of the curve, which is reyresented by the hatched
circles of the figure, does not arree with the form of the
curve determined by iwaldrett and Maass (57) Dy another
method. This curve 1is represepted by the pleain circles of
the figure, and except at the iowest recorded temperature
lies everywhere within the saturation area as determined
from the isothermals. That such a discrepancy exists is
important, and an analysis of the possible causeCfurns dqth/ﬁ

(E?-giveSexcellent support to the dispersion or emulsification
theory which has been used to explain many of the results
outlined above.

Naldrett'!s experimental method wmust first be

outlined in order that the criticism of 1t may be clearly

understood.
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Yfgg carefully purified ethylene was fonfined in small glass

bombs. Each bomb was filled with (Farying)emounts, and the
mean density was determiygd very accurately by & gravimetric
method. 4 boqb:wEen fil;ed was placed in a thermostat upon

& Wheél of short radius, and the wheel revoived quite rapidly.
This provided violent stirring of the mediunm. As the
temperatu;e of the bath was raised, a bomb of density higher
t%ﬁ@ the mid-point of the curve was found to fi;} graduélly
with liguid. The preéise temperature at which the ligquid
qut_fillag_the bomv was recorded, and the density of tﬁé

qub was &esumed to be the density of the liguid at that
Eemperatu?e. When & bomb of low densitx was simila{ly treated,
vepor gradug%ly occupied the entire space, and the

temp erature and density for such an occurrence was assumed to
give the true vapor density for that temperature. Bombs filled
;o densities cqrresPoﬁdng to the flat apex of the curve gave
opalescent mixtures, andﬁshowed & defipite range of density
over wh{ch an agparently twoqphase, butﬂphysically hoqueneous,
system could be obtained. Thjs temperature wa s 3.20°G , and
wé; ca%led the "shaking cri?ica;;temperature“ because at

this temperéture the meniscus disappeared on shaking. These
aré’the'experimegta; facts,Land'the author wéshes tq exp%ain
them so &8s o bring them into agreement with the saturation
curve.,

The interpretation of the flat apex, which gave
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Bighly opalescent systems, was that dispersion or emulsifi-
cation of one phase in the other occurred. These emulsions
were apparenily étable, for no restratification into layers
occurred. Such an explanation is simple and reasonable, and
from it the true significance of the other points wmay be
developed.-

It is a foreign concept that conditions for
emulsification should be attained suddenly at some discrete
temperature. A continuous approach to such conditions seems
preferable. It therefore appears plausible that & certain
degree of emulsification occurs at lower temperatures, either
of vapor in the liquid at high average densities, or liguid
in vapor for low average densities. The amount of such
emulsification is dependent upon the value of the inter-
facial tension, and increases with rise in temperature. At
9.20°C , the exteut has attained such magnitude that it
becomes manifest by v{sual means, aand the phenowmena of the
"ghaking critical tempe;ature“ become apparent. At lower
temperatures the emulsification is not apparent to the eye,
and & homogeneous system of either liguid or vapor is seen
to fill the tube. In reality, these systems are probably
supersaturated solutions of the twe phases, and have an
aprarent stability because of the low value of the inter-
facial tension at these temperatures. This concept explains

neatly why the curve always lies within the saturation curve

of the isothermals. Thus, at some apparent "liquid" density,
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& supersaturated solution of vapor in liquid is obtained,
and therefore has a lower density than the true liguid
density at that temperature. For apparent Yvapor" densities
the reverse has happened, and a supersaturated solution of
liquid in vapor is obtained, with a consequently higher vapor
density -than that of the saturation curve. A4s the
temperature is lowered, the degree of supersaturation which
ls possible is lessensed, énd ultimately will becomse
negligible.- This explains the agreewent by the two methods
at a temperature of 8.92°C

It is seen, therefore, that the apparent disagree-
ment of results is in reality fictitious, and that strong
support of the emulsion theory is presented by these two

curves when properly interpreted.
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DISCUSSION

The phenomena rqportgd above and the explanations
which have been offered lead to a rather interesting and
somewhat novel picture-of the changes which occur when
ethylene is subjected to changing conditions in the critical

region. As this qnalitative description may well have;a-ﬁiﬁyvpé‘442L

all ligquid geas systems, a

i p - o

review of the experimeﬁtal behaviour and its interpretation
may be of value.

The first point of interest was the pronounced
hysteresis of ligquid and vapor densities when the substance
was heated above the critical temperature,as defined by the
meniscus disappearanée,.and.subseqnently cooled.AJIt was found
that a heterogeneous system persisted for aoout one degree above
the critical temperature, and that the density of condensed
liquid did not coincide with the density of the original ligquid
until cooled to 8°C. The amount of heterogeneity, but not the
criticg;,tempe;ature, was found to be a function of the mass
volume ratio.

The amount of heterogeneity was found to be greatly
influenced by the presence of small amounts of air (1% or less),
gndAthat withgﬁuch quantities of air present, liguid could
persist for as much as 25°C above the critical temperature.

Air-ethylene samples which were made homogeneous by "molecular

stirring" showed the same sort of hysteresis when density 1is
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plotted as a function of temperature as pure ethylene, except
that the temperature of condensation was lowered.

Time lags measured upon isobars and isotherms shawed
& pronounced.increase in time reguired to eatablish
characteristic "ligquid"™ densitiss by cooling or compression
from the "vapor"™ region, above that regquired to produce
"vapor" densities by heating or expansion frow the "l;qui&"%
region. Reversing of the direction of measurement of the
isothermal at 9.60°C. showed large time lags in compressing
.A-true "vapor™ to a smaeller volume,

Pressure gradients produced by heating the top of the
bomb were found to.recreate & stable heterogeneity even above
the critical temperature The amount of this heterogeneity
increased as the temperature was lowered toward the conden-
sation point. At ,03°C above this temperature, a meniscus
could be reformed by such compression.

Compression éf.the liquid which condenses out at
9.179C., increased both the density and amount of liquid. A¢
very low mean densities the density of this liguid could be
raised above that of the original heating curve by such
compression., With.fillings og mean density of .200 gm/ec. or
higher, the density of the liguld phase was never ruaised above
that of the heating curve.

Accurate pressure volume relations at constant

temperatures showed a persistence of a second pbase above the

critical temperature. This was indicated by a very definite
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region throughout which (g-lvl) = 0. The complete envelopse of
this region was @etermined=aidthe»point of inflection for
the isotherms found to e at 9.90°C. - The pressure of
heterogeneous systems was measured in this region, and found
to be wnchanged by mechanical stirring, to be independent

of mass volume ratio, to ve the seme as that of the homo-
geneous system obtained by heat ing above 10.5°C. and cooling,
and to be the same as the pressure of the horizontal portion
of _the iaothermai_atthe same temperatures. The homogeneous
gystem obtained by heating and subseguent cooling was shown
to have a pressure independent of volume within the limiﬁs
of density defined by the co-existence curve of the
isothermals. Pressure measurements at consvant volume showed
that curves A and B of a typical isochore had identical
pressures.

The leads given by the above pressure measurements
allowed of a much better explanation of the hysteresls curve
at constant volume, the eguivalence of pressures along curves
A and B of such an isoqhore,_ﬁhe apparent stability of

| CLlry
heterogeneous and homogeneous systems, and @o .o8. The

Aot Aala '

explanations heretofore given will be briefly repeated, and a
general gualitative theory of the behaviour in the eritical
region developed from them.

The pressure-volume measurements made at constant
temperature allowed but one reasonable interpretation.

Within experimental sensitivity they show definitely the
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existence of a two-;pha.ae system between certain well defined
dgneities even up to 3.90°C. This two-phase system can ...
&;gpa.x;en'glybg :_mail_j.;'_p scop iga,ij, ly het»erhogv;e{legue qg_ipomoggn_qug,
end sither form is steble. Tho Beterogencous systam will
pgrsist indefinitely if mixing is nop ceused srbificially by
?39§§§i°3%k8$}r€in$w9r.é%%ringgu If such treatment is applied
—ggég:hefo“e;‘qu’enequs_ system, ’ghe\dgng;;y dé%gﬁ‘,ﬁ_erggge aggx_re and
Siow the position of dissppearance of the meniscus.is ironed.
9ufs by & wixing or euulsification of one-phase iu the other..
tn.8 statignary bomwb a.certain amount of this.mixing may be
brought aboup by, the systew itself, becwuse of the tendepey of
the meniscus t0 move up or down.in phe tube becanss of the
meap, density of the filling  The phase density relationship
with mass yoluwe ratio. is phus,easily explained. It is, of,
eourse, not a brue phase density, as the experimental arrange-
meny really measures the d_e_nsi’py,;oi;i;gl}e_{o‘ne”pl_}age plus &
gortaip admixture of the other,

The course of events on heating at constanp volume
is explained as follows. The 1iguid phase, which, persists _
Jargely; in. the Dbotyom.of, the tubeg, is gradually destroyed as
the,tempersture is raised.. Somewhere in the vi,c;inipyi.aog? -
40°C.,.the system has,becoms.a true vapor system with a
Pressure. siep;en deny-uyon, its volume. . (The exact temperature
de’ isomswh@ t: doubtful beceuse- the sensitivity of the

experimentsl: method is tinyolyed in ites determination. Thus,

in the spiral arr az@Zgam:enrb;«,;. a:heterogensity is Just detecte
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ablo at 10°G., thile with the pressure-volume arrangement, no
dofinite indication of a horizontal portion o£ an 1nothermal J["

can be detected above 9.90°C ). On cooling fows from this

tamperatnre, liquid is formed, but is now dispersed nniformly

“k .

thronghzft the tube. As the temperature is 1owared‘the inter-
faci@l t;nlion is increased, and condensation occurs at 9.17°C.
Vapor is still retcined in this liquid, and liquid still
remains in the vapor above 1t. Gempraasion causes the foféign
phase to separate out of the one in which 1{ is suspended, and
bdfhvdensity and amount of the phase is changed. Wiﬁhogt
compression the temperature must be lowered to 8.0°C , Before
fhefanounf of one phase dispersed in the other becomea
noéligible.

| The assnmption of a very small interfacial tension in
thiu region immediately explains the pressure agreement between
homogeneons and heterogeneous systems, and the apparent
stability of the emulsions of one phase in the other.

The effects caused by the presence of air are explain-
ed by the fact that the air tends to remain in the upper portion
of the tuﬁe, causing an artificially great pressure upon the
liépidAphase, ihich is thus caused to persist many degrees
above the critiéal temperature. When this air is mixed
tﬁroughoﬁt the system, this effect is vitiated, and‘thefonly
-A1E£etence in behaviour is that caused by the lowering of the
interfacial tension by the air.

All the phenomena observed are therefore well
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explained by the assumption of a two-phase system persisting
above the temperature at which the meniscus disappears, without
any description of the nature of the two phases, except the
phenomena of_pime lags. These time lags are well established
from the work of Geddes and Maass (5/), Pall, Broughton and
@g&sa (¥7), and the present investigation. They indicate
strongly that some form of orientation exists in the liguid
etate of aggregation. Evidence that extended time lags exist
even in the true vapor region indicates that here, too, some
degree of orientation is being brought about by the change of
conditions. Studies by Stewart and his co-workers indicate

a change of nature of the medium which is marked, only for
volume changes (23). Reaction rates, studied by ﬁo‘:}.der and
Maass (#8), indicate again that density changes are very
iwportant, and that this importance is not due merely to the
concentration effect of the reactants. All these experimental
facte lend strong suprort to the description of the change
occurring as a llquid changes to the vapor state, which was
given in 1908, by Bradley, Browne and Hale (28)- The seyuence
of occurrences is so well stated in this excellent paper that
much of what is to follow is directly quoted frow their
writings. ?Qge aﬁthor finds it difficult to understand the
lack of emphasis which has been placed upon this work, unless
the gualitative nature of the experiments made their value
seem small to other workers in the fileld.

Bradley, Browne and Hale follow Traube in his
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distinction between real liquid (liquidons) and real gas (gasons)

4 R
ER e mELHSE G A

and between the liQuid phase and the vapor phase.‘ The liquid

phese is to be considered es true liquid containing true gas in
solution while the vapor phase ie supposed to contain true
R S - .
liquid in solution in true gas. The difference between &
1‘ . YOS, T ) i \ }

liquidon and gason may well be that & geeon is & single‘“:
R

K2

molecular unit,'or et least is mede up of few molecules.'von

S s -
. e

compression orientation end clustering occurs et random

& 0 R AT

throughout the gas end small groups of'molecules form and
iR

break up ae the kinetic theory demends. Thet is, the life of )

.,,“‘

eny one group is lhmited but such groups are always present.
te - e P : b LRI Y. ;
rg oA - & :
On further compression below the critical temperature, the
’J*”'!grﬂ ; -

number of such groups 1ncresses until at great enough densities

saturation has bsen attained and precipitation of the liquid
phase occurs. This phase, &8 pointed out above , contains a

. g" 4 - i 3 '_ -
saturation value of gasons. To quote directly from the ebove

.-, o~ s PR NS & -

authors, 'This view transforms the "area of liquefaction“ on

oot AR B . L

a diagrem of isothermals to an "area of saturation“ Outside

r =R L.
5‘.._... - . [ .\3:;_ :.g,“

this area of saturetion, on the side Opposite the pressure

Yo o T SRR e : ;ﬂ

axis, liquidons may exist lese or more eccording to volume,
. 's\é

Canl

but never to.the extent of saturating the gasons in which they
are digssolved! The opposite, with regard to gasons in the
liquid phase is the case on the side of the saturation area
next to the pressure axis.

'Above the critical tempserature, true ligquid and

true gas may exist side by side in any proportion, according
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to volume, but there can never be phases except in the loose
senge of temporary stratification. Outside the area of
saturation, there is perfect continuity in every direction.

The area of saturation, indeed, is after all only an excep-
tional case in an otherwise general continuity between the
‘Jigquid and gaseous conditions of matter. Andrews' distinction
between gas and vapor in terms of the critical temperature

may still be retained, if the capacity for continuity is made
fundamental , but not otherwise. An aeroform substance is “gas®
above the critical temperature and "vapor® below that
-temperature. Whether as "gas™ or "vapor® it may be changed

%0 liquid by pressure alone -~ as "gas®™ with perfect continuity,
-=- 88 "vapor®, only by a discontinunous process involving
saturation!?,

This continuity of state concept forms an adeguate
background for the phenomena which have been observed by the
auther, and it 4s hoped that more weight will be attached to
such a concise and satisfactory description, now that
quantitative measuremenis which support it so conclusively

have been made.
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GENERAL SUMMARY

A repetition of various curves obtained by Geddes

and ilaass showed that Ghe general nature@ their results e hal,
m;k(£$" ' -

rqProducible.r ﬂhuif he existence and nature of the extended

time lags involved in the establishment of eguilibrium
densities has peen coufirmed. The persistence of heterogensous
systems above ths Cagniarg-la Tour temperature and the
equivalence of pressures ;f heterogeneous and homogseneous
systews was re-established. The avsolute values of the
deasities apd proessures recorded by Geddes and saass were found
to be in error, and ﬁﬁe causes have been deterwmined.

.The vwvork has ?een extended to tue invés?iggpion of
air-ethylene samples, and the uovel behaviour of_sucA;systems
has besen spudied. Measuremeuts‘maae with pure ethylene have
given the rs}ationship béﬁweeu phase density and mass-voluue
ratio at the~¢leSiG&l critical temperaturs. The couplete
density-temperature hysteresis . curve of the ligyuid phase has
been determined for the first time.

Gompressional measurewe.ts, waae by establishing &
higher tempe;atufe,a;ong the upper portiown of the bomb, have
revea;ed the possivility Bf reforming heterogeneous systens
from homogeneous ones adove the temperature of condensation.

Moreover, & meuniscus has been shows to be reformed at a

temperature +.03°C higher than the temperature of spontaneous
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condensation, by such compression.

Pressure-volume'isoﬁhermals of the system ethylens
have been aeterminéd throughout the eriticael region. They
have shown that & tWquhase aystem exists to a temperature of
9 9°C The trus form of the den31ty temperature curve for
Yo th iiqu;d'anééééforuﬁ;s been obtained frow them. Pressure-
feﬁperatur; relatidns at cbnstant volume have shown that the
ﬁét:}ogeneous aud homogeneous systems of an isochore have
exactly similar pressures,gt the same temperature, within the
&ensityrgaﬁge defined by the euvelope of the region of the
lsothermals wherein(g_%) = 0 Moreover, these systems have
both been shown to possess'the saeme Giobbs! free energy, and
to ha;é the same frge egergy'as the homogeneous systew which
is aﬁtained b& isothermal expansion or compression to the
d.ena?lty region wilerein @_Pf) = O.

This data has béég explained by the assumption of 8
two-phase system which becowes homogéeneous avove tine Cagniard-
la Tour temperature by grace of a zero surface tension. A
general theory of ﬁie continuity of gaseous and liguids states,
due to Bradiey, Browne and Hale, has been extended to include
the coneept of r;gional orientation due to Dr- 0. Maass. This
theory is yut forward to explain the oahav1our of the critvical

region including the very important fdctor of time lags,

ioriginéllyvinﬁestigaiédvby7Maass and Geddes.
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CLAIMS TO ORIGINAL WORK AND CONTRIBUTIONS

TO KNOWLEDGE

Two new forms of apparatus for the study of the
critical region were deve%Oped. Both were based'qpon the
Principles of design due to Geddes and Maass, and incorpor-
ated the use of the "balanced pressure" principle for
determining‘pressure valu?s»ig ﬁhe_one case, and of a McBgin-
Bakr spiral and float forldensity determinations in the
second case.

In the first design & wore precise methéd of
determining the necessary mercury level correction,by the use
of a cathetometer, was employed. The total volume of tpe
syetem was given by the sawe reading of the mercury lsvel,
Mechanical stirring of the medium was possiole in this form of

apparatus. iMoreover, an improvement in the wanual therwostatb

iag.of the systew was developed by means of a subsid
flow unit.

In the second desiga & water jacket was suployed for
th e production pf a temperature gradient along the bomb. By
mgangﬁgf ;pis arrangemept tpe effect of compression upon the
medium in‘ghe.;ower part of t%e tuve was stpdied.

;ZZ;Jﬁbae4quin Contributlons ef the—tediowiIE MEtare to the
knowledge gf the transit;an from lign?d to gas have been made.

.t»adnsﬁant volumeAMO(rj

and the persistence of heterogensous systems above the

(1) The cause of the hysteresis

v

Ranet S
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Cagniard-la Tour or classical critical temperature.

Sr (2) The relation of phase densities to mass volume ratio

Q§ S-t the classical critical temperature.

(3) The efiect of small quantities of air impurity upon

J the persisteunce of the liyuid state above the same temperature.
(4) Pressure-volume isothermals of a high degree of
precision throughout-the critical region: -

(5) The true form of the density temperature curve for

beth liquid and vapor phases throughout the critical region.

(6) .Discoveryrof the region above the critical temperaturt
withinswhich heterogensous systeums are stable.

(7) :The relative free energies of "'heterogensous and
homogeneous systsms as measured by thelr vapor pressures, and.’
the effsé¢t of mechanical stirriuig on the vapor pressure of
heterogeneous systems,

(8) Evidence of molecular orlentationiin a gas system
aboveithe -¢ritical temperature.

£9) < The "true®.critical coanstants of ethylens, as
indicated by the pressure=volwne temperature relations.

(10) -Phe effect of*légal»compréssion*upon both pure -
eﬁhyléﬁevanduai?-ethyiene'édmplea.

(1r)- 4&n exﬁl&n&tigﬂ?of the aboveépﬁenomena as due to a
two-phase systewm, the phases of which become completely
miscible at & tewperature 3°C obelow the temperature at which
the meniscus is seen to disappear when observed in the

conventional manner,
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